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ABSTRACT 
An Examination of Possible Reversible Combustion at High Temperatures and Pressures for a 
Reciprocating Engine. (May 2007) 
Kaushik Tanvir Patrawala, Dipl., Shri Bhagubhai Mafatlal Polyte, India; B.E., University of 
Bombay (Mumbai), India  
Chair of Advisory Committee: Dr. Jerald A. Caton 
 Conventional combustion processes are known to be highly irreversible processes. The 
potential to obtain useful work from the fuel is degraded during the combustion process. For 
example, for a reciprocating internal combustion engine, about 20% or more of the potential 
work from the fuel is destroyed during the combustion process. This potential work is known as 
availability (a thermodynamic property). The motivation for the current work was to develop a 
conceptual model of a set of processes related to reciprocating engines that would eliminate this 
destruction of availability. One conceptual model, proposed by Keenan, suggested that a 
preselected set of “reactants” could be compressed (at constant composition) to a high 
temperature and pressure. At this high temperature and pressure, the “reactants” would be in 
chemical equilibrium. At this point, the “reactants” would be expanded back to the original 
volume. The expansion process would consist of a “shifting” chemical equilibrium such that the 
composition during expansion would continue to change. At the end of the compression and 
expansion, net work would be available without destroying any of the work potential of the fuel. 
The purpose of the current work was to develop a quantitative model of this concept, and to use 
the model in a series of computations to examine the effects of temperature, pressure, and other 
parameters on the work production capability of the concept. 
The concept was studied for eight different fuels for various conditions. In general, the 
net work output increased as the temperature, pressure and compression ratio increased. For 
low compression temperatures and pressures, the concept resulted in a small amount of net 
work produced without destroying any fuel availability. For sufficiently high compression 
pressure and temperature (e.g., 10 MPa and 6000 K, respectively), however, the thermal 
efficiency was ~28% for isooctane and was ~40% for hydrogen and methane, for air as the 
oxidant, an equivalence ratio of 1.0, and a compression ratio of 18. Although the temperatures 
and pressures considered are well beyond practical values for the materials and designs of 
today, the general result of the study is that conditions can be identified to eliminate the 
combustion irreversibility.  
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1I. INTRODUCTION 
To extract energy from fossil fuels, combustion processes are employed. Combustion 
processes are basically made up of complex chemical reactions which occur when fossil fuel 
and oxidants are mixed. The outcome of the reactions can be release or absorption of energy. If 
the energy is released, it is used for further processes, as in internal combustion engines. The 
amount of energy released/absorbed depends upon the conditions in which the combustion 
reaction is conducted.  
The combustion process finds wide range of applications in many practical devices and 
industrial systems such as gas turbines (in aircraft engines), internal combustion engines (diesel 
and spark ignition engines) and other industrial process. This method of obtaining energy is used 
by almost every person, directly or indirectly, in his/her everyday life. One of the reasons for 
such heavy dependence on fossil fuels for extraction of energy is due to the availability of 
adequate internal combustion engine technology that helps easy use of this energy. However, 
because of the depleting fossil fuel reserves, the price of the fossil fuels is increasing. This calls 
for the effective use of the fossil fuel and the efficient design of the internal combustion engines 
that use the fossil fuel. 
Combustion processes are highly irreversible. The potential to obtain useful work, at the 
end of the combustion of the fossil fuel, is always less than the input fuel energy. This loss of 
work potential is the result of the irreversibilities accompanied with the combustion process [1]. 
In some cases, like that of a reciprocating internal combustion engine, the potential work losses 
due to combustion are as high as 25%. The motivation for the current work is to develop a 
conceptual model of a set of processes related to reciprocating engines that would eliminate this 
loss of work potential and to use the model in a series of computations to examine the effects of 
temperature, pressure, equivalence ratio and other parameters on the work production capability 
of the conceptual model. 
Energy 
Energy may be considered to have different qualities or grades. An example of high 
grade energy is mechanical work and that of low grade energy is thermal energy. Most of the 
high grade energy (in the form of mechanical work) is obtained from fuels, through the use of 
heat engines. The complete conversion of energy into work is impossible according to the 
second law of thermodynamics. That part of the energy which can be converted into work is 
referred to as availability (or exergy). 
This thesis follows the style and format of Energy.
2Dead State 
If the state of a system is different to that of its surroundings, there exists an opportunity 
for producing work [2, 3]. However, when the system undergoes changes to reach its 
surroundings, this opportunity (for producing work) diminishes, and it ceases to exist when the 
two are in equilibrium with each other. When the system is in equilibrium with its surroundings, it 
must be at the same pressure and temperature as that of its surroundings. It must also have the 
same chemical composition as that of its surroundings, i.e., there should not be any potential 
chemical reaction or mass transfer between the system and its surroundings. This state of the 
system is called the dead state. If the system is in temperature and pressure equilibrium, but not 
in chemical equilibrium with its surroundings, then this state of the system is known as the 
restricted dead state. The restricted dead state is usually taken as that of the atmosphere at a 
temperature of 298.15 K and a pressure of 1.01325 bar [4], however the composition may not be 
the same as that of the atmosphere. 
Availability 
Whenever useful work is obtained during a process in which a finite system undergoes a 
change of a state, the process terminates when the system has reached the dead state [2, 3]. 
For example, an air engine operating with compressed air taken from the cylinder will continue to 
deliver work till the pressure of the air in the cylinder becomes equal to that of its surroundings. 
The heat released during an exothermic combustion process, used as the high temperature 
source of the heat engine, will deliver work until the temperature of the source becomes equal to 
that of the surroundings. 
The availability of a given system is defined as the maximum useful work that is 
obtainable in a process in which the system comes to equilibrium with its surroundings. 
Availability is thus a composite property depending on the state of both, the system and its 
surroundings. It is a direct consequence of the second law of thermodynamics [3-6]. It should be 
well understood that terms total energy and availability are different, the latter being the subset 
of the former. No system can perform work greater than its availability without violation of the 
second law. 
The total availability of a system consists of two major components, 
A A Atotal thermo mech chem= +−                                                                                                       (1.1) 
where Athermo mech−  is the thermo-mechanical availability and Achem is the chemical availability.  
Athermo mech−  is due to the pressure and temperature of the system. It can be further split into, 
3A A Athermo mech abs− = −
0
                                    (1.2) 
 where Aabs is the absolute availability and A
0 is the availability of the restricted dead state. The 
absolute availability of the system accounts for the total amount of energy available when the 
system undergoes thermo-mechanical equilibrium from the existing state to the zero datum. 
However, no system reaches zero datum, and can only reach the state of the surroundings, so it 
is necessary to define the availability of the dead state. Mathematically, absolute and dead state 
availability are defined as, 
A U T S P Vabs = − ⋅ + ⋅0 0             (1.3) 
A U T S P V0 0 0
0
0
0
= − ⋅ + ⋅             (1.4) 
The equations (1.3) and (1.4) are applicable to the closed system only. Availability for the open 
system can be found elsewhere [7]. In this study only closed volume systems will be examined.  
The chemical availability of the system can be further split into, 
A A Achem react diff= +              (1.5) 
where Areact is the reactive availability and Adiff is the diffusive availability. The reactive 
availability accounts for the availability that can be extracted when all the species of the system 
are converted to that of the surroundings through chemical reactions. The diffusive availability 
consists of the availability that is due to conversion of partial pressure of the species in the 
system to that of the species in surroundings. The reactive availability and the diffusive 
availability in general give the chemical potential of the system. 
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4where ∆ Gi
0 is value of change in Gibbs free energy. These values are available in appendix IV. 
Some of the values were taken from [8] while others were calculated using [9]. Pi  is the partial 
pressure of the ith specie and Pi o, is the partial pressure of the i
th
 specie at reference conditions. 
P n Pi i= ⋅                                    (1.8)
P n Pi o i, = ⋅ 0              (1.9)
Thus the total availability of the closed system is given by, 
A A A A Atotal abs react diff= − + +
0
         (1.10) 
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In some previous work, the chemical availability term has been neglected. As shown by 
Chavannavar [8], the contribution of this term may be significant, and so for better accuracy, it is 
included in this study. 
 The availability destroyed and the percentage destruction of availability can be 
calculated as, 
A A A A Adestroyed start end heat work= − + +        (1.12)
r
A A A A
ADAC
start end heat work
start
=
− + +




 × 100        (1.13)
where Astart  is the initial availability of the system, Aend is the availability of the system at the 
end of a process, Aheat is the availability due to heat transfer in or out of the system, Awork is the 
availability due to work developed or consumed by the system, Adestroyed is the availability 
destroyed due to any process in the system and rDAC  is the percentage availability 
destroyed [4].  
 The availability analysis helps us to understand the upper limit of efficiency of the 
system. It also helps in designing new thermal systems, reducing inefficiency of existing systems 
and improving overall system economics.  
5Objective 
 The objective of this study was to develop a model for hypothetical combustion 
processes which eliminate the irreversibility of the combustion process and allow maximum 
utilization of the fuel. To achieve the objective, a model was developed, which was designed to 
work in such a way that the availability destruction was completely eliminated from the 
combustion process. The model was then used for a range of thermodynamic conditions.  
6II. LITERATURE REVIEW 
Previous Work 
 Significant work has been done based on the second law with the goals of 
understanding the thermodynamic irreversibility in the combustion process. Many years ago, one 
such work was done by Keenan [10]. In his literature, he proposed the concept of reversible 
combustion process. He stated that, when the temperature of the reactant mixture is increased, 
the equilibrium shifts and so the tendency of the reactants to react diminishes. At very high 
temperature, a state can be achieved where the reactants remain in equilibrium state without 
formation of products and hence there is practically no irreversible combustion reaction. 
 The concept by Keenan [10] was further extended by Obert [11, 12]. He stated that 
equilibrium conditions at very high temperature can be achieved by compressing the reactant 
mixture isentropically. The compression is to be completed in such a way that the reactant 
species are not allowed to react. When the equilibrium state is reached, the mixture is expanded 
slowly and isentropically, allowing the mixture molecules to react and form products. These 
sequences of processes of chemical reactions were referred by him as reversible. 
  With respect to applications, a number of studies have been completed using the 
second law of thermodynamics to analyze internal combustion engines. Caton [13] provides a 
review of past studies which used the second law to investigate internal combustion engines. He 
commented on some major findings that were published earlier and provided quantitative insight. 
He also included a brief review of the general characteristics of availability, and the destruction 
of availability because of heat transfer and combustion processes. The work by Caton showed 
that, in general, the percentage destruction in availability reduced monotonically as the 
combustion temperatures increased. 
Dunbar and Lior [1] studied the basic combustion process by dividing it into several, 
small hypothetical processes. The study was conducted for hydrogen (H2) and methane (CH4) as 
fuels and atmospheric air as oxidant. Various hypothetical models were developed. Each model 
was divided into small chambers to precisely understand the nature of the combustion process 
proceeding at each step. The combustion process was conducted adiabatically and at constant 
pressure.  Further, the combustion process was separated into: a diffusion process, a chemical 
reaction, an internal energy transfer process and a mixing process.  
The work by Dunbar and Lior quantifies the entire entropy generation process and 
estimates the entropy contributed by each sub-process listed above. Simplifications were made 
in the study to get useful and important results without the use of complex mathematical 
analysis. 
7Dunbar and Lior concluded that, in general, for a combustion process, the major 
contribution of the availability destruction is from the internal thermal energy transfer between 
the molecules of the mixture. They also concluded that availability destruction can be reduced by 
conducting the combustion reaction at high temperatures, which may not be practical with 
presently available materials technology. 
Lutz et al. [14] have conducted an analysis to compare the efficiency of a Carnot engine 
and a fuel cell both operating at the same conditions. By deriving the expressions, they showed 
that the efficiency of the Carnot engine is the same as that of the fuel cell when the Carnot 
engine is driven by the same combustion reaction as that of the fuel cell. They illustrated their 
concept using numerical examples for hydrogen and methane. 
The work completed by Lutz et al. is based on an assumption that enthalpy and entropy 
changes are not dependent upon the temperature. This assumption, however, was proved to be 
reasonable by evaluating hydrogen-oxygen reaction. The work also proposed the fact that for 
chemical reactions involving positive entropy change, the maximum fuel cell efficiency is 100% 
and not more when proper heat transfer was taken into consideration.    
The work by Lutz et al. also clearly explains the difference between the adiabatic flame
temperature and the combustion temperature. They defined the combustion temperature as the 
temperature at which the reaction becomes “reversible”, i.e. the reaction can proceed in either 
direction. In their work, they have evaluated combustion and adiabatic temperatures along with 
fuel cell efficiencies for common fuels like hydrogen, methane and methanol. 
To further improve the understanding about irreversibility from combustion, a study was 
conducted by Daw et al. [15]. They considered the equilibrium dissociation of the reaction 
products at high temperatures, in contrast to the complete products considered by Lutz et al. 
[14]. They introduced a hypothetical counter-flow preheating process for constant pressure 
combustion considering the products in equilibrium.
Daw et al. [15] concluded that by using such an advanced hypothetical isobaric 
combustion process which involved preheating of fuel and air, it should be possible to reduce 
irreversibility in the combustion process to some extent. The reduction in irreversibility was 
observed due to combustion taking place near chemical equilibrium as a result of which the 
temperature gradients were small and so the irreversibility due to thermal energy exchange was 
less. However, the irreversibility due to mixing process cannot be eliminated by this approach.  
Richter and Knoche [16] also worked on ways to conduct chemical reactions reversibly. 
They pointed out that entropy production due to irreversibility can be reduced if the chemical 
reaction is conducted at very high temperature so that the chemical reaction is near thermal 
equilibrium. They noted, however, that the present material technology is not sufficient to sustain 
8these high temperatures. They therefore proposed another innovative way of reducing 
thermodynamic irreversibility. 
Richter and Knoche found that if the combustion process is conducted such that the 
direct contact of the fuel and oxidant is prevented and instead intermediate chemical reactions 
are employed, then the availability destruction will be lower and consequently more work can be 
extracted from a work producing device. They selected metal oxides to conduct these 
intermediate low temperature endothermic reactions with the fuel. This concept was 
demonstrated analytically, and its actual practical application needs to be examined. 
Work completed by Caton [4] provides useful insight about the destruction of availability 
when the combustion process occurs adiabatically in a closed volume. He examined the effects 
of temperature, pressure and equivalence ratio on availability considering frozen and equilibrium 
products of combustion. He concluded that at higher temperatures (above 2000 K), the effect of 
dissociation is significant and so availability is higher for products in equilibrium than when 
frozen. Also, as the combustion temperature increased, destruction of availability decreased, but 
never reached zero even for unrealistic temperatures of about 6000 K. 
For rich mixtures, Caton concluded that due to higher chemical energy, availability is 
higher; which further increased with temperature. With reasonable assumptions, his work can be 
directly applied to internal combustion engines.  
Another study was completed by Chavannavar [8] to approach reversible combustion. 
He extended the analysis done by Lutz et al. [14] by considering dissociation of species at high 
temperature and products in equilibrium as against complete product analysis done earlier [14]. 
The combustion process was restricted to isobaric, constant temperature conditions. The 
combustion temperature was found for as many as eight fuels, where change in Gibbs free 
energy is zero. 
Chavannavar concluded that conducting combustion process near the combustion 
temperature can reduce the irreversibility to some extent as the transition from reactant mixture 
to equilibrium products is easier, both being similar in nature. However, irreversibility in 
combustion process due to irreversible mixing processes still exists. 
 Hassanzadeh and Mansouri [17] compared and contrasted their work with the work 
completed by Lutz et al. [14]. They stated that although the efficiencies of combustion engine 
and fuel cell are limited by the second law of thermodynamics, the maximum thermal efficiencies 
of the two systems are different. This difference is due to the involvement of irreversibility of 
combustion processes in the combustion engine. They commented that the use of a combustor 
reactor, as suggested by [14], in place of the high temperature heat reservoir, in the heat engine, 
is inappropriate as the combustion reactor is associated with irreversible chemical reactions. 
9They also proposed that for accurate results, chemical equilibrium criteria should be used as 
against complete products for the process that involve chemical reactions as done by Lutz et al. 
Motivations 
 As described above, several availability analyses using the second law were completed 
in the past few decades with the goals to reduce the generation of entropy and to improve the 
availability from the combustion process. Some of the analyses were general in nature while 
some were applicable to internal combustion engines. Some were for constant volume 
conditions and constant pressure conditions, while others were for constant temperature 
conditions. For all the analyses, one common problem was addressed: reducing the 
irreversibility of the combustion processes.  
Combustion processes are found to be inherently irreversible in nature. The 
irreversibility present in combustion is due to: thermal energy transfer, diffusion and mixing 
processes between the particles of mixture [1]. This irreversibility can be reduced by using 
proper strategies developed by the various authors [1, 4, 13-17]. However, no such strategy, or 
condition that is reported, that can completely eliminate irreversibility. Hence, the question of 
completely reversible combustion needs to be answered. 
The current study is directed towards achieving the combustion process with zero 
destruction in availability. The study aims at developing a model consisting of hypothetical 
processes that can preheat the reactants to the equilibrium temperatures and pressures, without 
internal mixing of the molecules of the reactant mixture. Once this state is achieved, the reactant 
mixture is brought to the original state, by reversing the process direction to follow the most 
stable path of equilibrium. This leads to the development of work from the fuel energy, without 
availability loss and hence, this theoretical model can be termed as “reversible combustion”.  
This concept of reversible combustion was evolved a few decades back and its literature 
can be found elsewhere [10, 11]. Here, the aim is to quantify this information and expand the 
concept into a model consisting of hypothetical processes, using reasonable approximations.   
Preview of Remaining Sections 
 The following sections of this thesis outline the development of the model of hypothetical 
processes, the results obtained from the analyses of the model and the discussions and 
comparisons thereof. 
Section III, Description of Model, deals with the development of the model to attain 
reversible combustion by making use of the concept proposed by Keenan [10] and Obert [11, 
12]. 
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Section IV, Implications to Reciprocating Engine, describes why and how the developed 
model is related to a reciprocating internal combustion engine.  
Next, section V, Development of the Computer Program, describes the computer 
program that was developed to represent the model of hypothetical processes. It also outlines 
the equations used to calculate thermodynamic properties and lists the reasonable assumptions 
made in development of the code. 
Section VI, Results and Discussion, presents the results of the parametric study. Work 
output and efficiency are provided as functions of operating parameters. The parameters include 
as fuel, oxidant, temperature, pressure, equivalence ratio and compression ratio. 
 Finally, section VII, Summary and Conclusion, summarizes the work reported on this 
reversible combustion concept, and provides conclusions.  
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III. DESCRIPTION OF MODEL 
  
Concept
An early reference to the concept of reversible combustion is stated by Keenan [10]. He 
mentioned that a system has the ability to do work if it is not in thermodynamic equilibrium with 
the surroundings. However, when the system is brought to thermodynamic equilibrium with the 
surroundings, the work gained due to this process is always less than the maximum possible. He 
represented this by means of a simple equation. 
                                   W A Au initial final= −          (3.1) 
where, W represents the useful work, A represents availability and the subscripts u, initial, final
stand for terms: useful, initial and final respectively. 
Loss of work is due to the inherent irreversibilities in any process that involves 
conversion of energy to useful work. Losses are also seen in the combustion process. Moreover, 
reasons for these losses [1] in combustion processes are due to thermal energy exchange 
between the species, diffusion and irreversible mixing of particles. To avoid any losses due to 
the reasons mentioned above, the reactant mixture needs to be brought to a state, which is 
required for the extraction of the energy, without any reactions between the reactants. Once this 
state is achieved, the mixture can be brought back to the state of the surroundings by means 
effecting work developing/consuming device and a heat exchanger that follows the path of most 
stable states [10]. 
The above concept was further explored by Obert [11]. He commented that without 
regard for the Carnot process, the combustion engine can deliver the maximum amount of work 
if all of the processes, including the combustion process, are conducted reversibly. For 
reversible combustion to take place, he stated that, initially the reactant mixture should be 
compressed isentropically to high temperatures till the point where the constituents are in 
equilibrium with each other, so no products are formed. The compression should be done in 
such a way that either it is too swift so that reaction between reactant particles is avoided or it 
may be assumed that some type of “negative” catalyst is present that prohibits such reactions. 
After the required state of equilibrium is reached, the mixture can be expanded slowly and 
isentropically. During expansion, the pressure and the temperature decrease, and the species 
are allowed to equilibrate themselves, resulting in more number of species which creates more 
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opportunities to extract work. In these constant entropy processes, the chemical reaction can be 
said to occur reversibly. 
Current Model 
The current study aims at using the above mentioned concept to develop a model of 
hypothetical processes that works in accordance to the concept suggested by Keenan [10] and 
Obert [11,12]. Again, this concept requires that the reactants be brought to a required higher 
temperature where they are in stable form, without reacting internally to reach the state. Even 
when preheating is used to increase the temperature of reactants, reactions among the reactant 
species are bound to occur. As mentioned above, a “negative” catalyst may be used to avoid 
these reactions among the reactant species. The current study is directed towards quantifying 
the results for such a process. The model of the hypothetical processes developed for this 
concept, is described in the next few lines of this section. 
collection chamber 
compression cylinders expansion 
cylinder 
H2 H OH H2O O2 O
  mixture
Fig. 1. Construction and working of the reversible combustion model of hypothetical processes. 
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The model consists of several piston cylinder assemblies as shown in fig. 1. The high 
temperatures that are required to attain state of equilibrium are obtained by using compression 
cylinders while the work is extracted by using expansion cylinder. The collection chamber only 
collects the output of the compression cylinders. There is no chemical reaction taking place in 
the collection chamber and it is assumed that the collection process is instantaneous. 
The model can be explained better by using a specific case. Consider that hydrogen is 
used as the fuel and pure oxygen as the oxidant for the combustion process. This case is 
specially selected since hydrogen and oxygen have less species on dissociation. Other cases 
with other fuels and air will be considered in the subsequent sections. In general, when hydrogen 
and oxygen are mixed and heated to high temperature, the mixture will dissociate and only six 
major species can be formed, namely, H2, H, H2O, OH, O, and O2. Now, keeping this in mind, six 
compression cylinders are taken and each is introduced with the desired quantity of each of the 
species. The desired quantity is just the amount of each of the species that will exist at 
equilibrium, at the final (specified) temperature and pressure. When these species are 
individually compressed isentropically in the compression cylinders, and are then collected in the 
collection chamber, the final mixture of the species are already in equilibrium and they do not 
react. Due to absence of reaction, there is no entropy generation due to the collection of the 
species, and so the entropy of the mixture at the exit of the collection chamber is same as that at 
the entrance.  
The desired quantity of each of the species to be introduced in each of the compression 
cylinders along with their respective temperature and pressure is calculated using the computer 
program (explained in the next section). The collection process is instantaneous which is 
followed by the expansion process. As the mixture is expanded, it is allowed to equilibrate at 
each stage of expansion in such a way that expansion is isentropic. As the expansion proceeds, 
more and more species are formed. The expansion of greater number of species causes 
production of work.  
The net work gain from the system is the difference between the work extracted during 
the expansion process and the work consumed during the compression of species in the 
compression cylinder. Some energy also leaves the system in the form of exhaust gas. This 
energy can be tapped by suitable turbo compounding technology so that it is not wasted. Here, 
the goal is only to conduct the combustion process reversibly. The mathematics behind work 
calculation is presented in the next section. 
Fig. 2 shows the variation of the pressure as a function of volume for the proposed 
processes. The process 1-3 is the isentropic compression of the frozen species in the different 
compression cylinders. The process 3-4 is the isentropic expansion of the species in equilibrium. 
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The reason for following the peculiar numbering scheme (1, 3 and 4 instead of 1, 2 and 3) will be 
explained later.     
At state 1, the different amounts of the individual species calculated by the computer 
program developed enter the different compression cylinders. In the process 1-3, the 
compression of the species takes place. During this process the pressure and so the 
temperature of the species increases. The pressure at the end of compression, at state 3, is 
termed as the compression pressure while the temperature at state 3 is referred to as the 
compression temperature. At the end of compression, the species are mixed instantaneously. 
The collection is presented by point 3 on the pressure-volume (P-V) diagram. As the mixture is 
expanded in the process 3-4, the pressure of the mixture decreases while the volume increases. 
The expansion is continues till the original volume at the beginning of expansion is reached. 
Pr
e
ss
u
re
 
1
Isentropic compression of frozen species
Isentropic expansion of species in equilibrium 
4
3
Volume 
Fig. 2. Variation of pressure as a function of volume for the model of the hypothetical 
processes. 
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The area under the curve for any process on the P-V diagram, represents the work 
transfer due to that process. In fig. 2, the area under the curve 1-3 represents the work 
consumed by the model in the compression of the species, while the area under the curve 3-4 
represents the work produced by the model during the expansion of the species. Thus, the area 
between the expansion and the compression curves represents the net work. The area between 
the curves is the result of the deviation of the two curves after point 3 for higher volumes. This 
deviation is due to the difference in states of the species at which both the processes take place. 
The species in the process 1-3 are frozen and are not allowed to react with each other, while in 
the process 3-4, the species are allowed to react and equilibrate themselves.   
In this model, the cylinders, piping and collection chamber are assumed to be perfectly 
insulated and so there is no heat loss to the surroundings, and the expansion and the 
compression processes are isentropic. The number of compression cylinders used may not be 
restricted to six, and this number will depend upon the fuel-oxidant selected. For example, if 
isooctane is used as the fuel and air as the oxidant, then far more number of species may be 
formed upon dissociation at high temperature, and thus a greater number of compression 
cylinders may be needed. 
Thus, by using this model, the irreversibility of the combustion process is avoided since 
theoretically there is no direct combustion reaction taking place. Whenever the species see each 
other at the end of the compression, in the collection chamber, they are in the state where their 
tendency to react has already disappeared, the mixture being in the equilibrium state. Also, there 
is no thermal energy exchange between the species in the collection chamber as all the species 
enter the chamber at same temperature. Species are not able to react prior to the collection as 
they are compressed in different cylinders. During the isentropic expansion of the mixture in the 
single cylinder, the mole fraction of the various species keeps on changing, so as to keep the 
mixture in the equilibrium state, thus increasing the number of products, which is the key to 
generation of work in this model. 
It should be noted that process 1-3 in fig. 2 shows the combined P-V relation during 
compression of various species in different cylinders. For more information refer appendix VI. 
 To simplify the above concept, it may be visualized that the compression and expansion 
are taking place in a single cylinder with an anti-catalyst present during compression and no 
such catalyst during expansion. Presence of anti-catalyst prevents the reaction between the 
species and also prevents the thermal energy exchange between them.   
Again, as this concept allows the elimination of the direct combustion process itself, the 
destruction of availability is zero, and the process can be said to be “reversible”.
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IV. IMPLICATIONS TO RECIPROCATING ENGINE 
Reciprocating internal combustion engines are those in which the combustion processes 
occur inside the reciprocating piston-cylinder arrangements. There are two principal types of 
reciprocating internal combustion engines: the spark-ignition (SI) engine and the compression 
ignition (CI) engine. The essential difference in the two types of the engines is the method by 
which the combustion process is initiated. 
In an SI engine, fuel and air mixture are ignited by means of a spark plug while in a CI 
engine the high compression of gases causes the ignition of the fuel after it is injected. After the 
ignition, the combustion reactions begin. The release of chemical energy causes the piston to 
reciprocate, thus, producing work. The work from the piston-cylinder is always less than the input 
energy, i.e., the fuel energy. One of the reasons, for this loss of work, is irreversibilities in the 
combustion reactions. As stated earlier, the irreversibility is due to thermal energy exchange 
between the molecules of the combustion mixture, diffusion and irreversible mixing of 
combustion species. 
Standard Air Cycle Analysis 
The detailed study of the actual SI and CI engines is difficult. This is because a detailed 
study needs to take into account many features. These features include the effects of 
irreversibilities due to friction, pressure and temperature gradients within the system, heat 
transfer between the cylinder walls and the cylinder gases, irreversibilities due to combustion 
and heat loss to the surroundings. To avoid these complexities, elementary study of the internal 
combustion engine can be conducted by employing air-standard analyses.  
The assumptions made for air-standard analyses are-
- the working fluid of the engine is modeled as an ideal gas 
- the combustion process in actual engine is replaced by a heat transfer process 
- there are no intake and exhaust processes 
- the processes are internally reversible 
The standard air cycles are of two major types: the Otto cycle and the diesel cycle. The 
difference in the two cycles is only due to the way in which the heat addition process takes 
place.  
Figs. 3 and 4 show the Otto cycle on the pressure-volume (P-V) and the temperature-
entropy (T-S) diagrams, respectively. 
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Fig. 3. Pressure-volume diagram of the air standard Otto cycle. 
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 For the case of the Otto cycle, process 1-2 is the isentropic compression process of the 
air mixture, process 2-3 is a constant volume heat addition to the air from external source, 
process 3-4 is the isentropic expansion process and process 4-1 is the heat rejection from the air 
to the surroundings. 
 Figs. 5 and 6 show the air standard Diesel cycle on the P-V and T-S diagrams 
respectively. The working of the Diesel cycle is similar to that of the Otto cycle except for the 
heat addition process 2-3. The heat addition process in the Diesel engine is conducted at 
constant pressure. 
 For both the cycles, the enclosed area 1-2-3-4 on the P-V diagram can be interpreted as 
the net work output while the area enclosed on the T-S diagram represents the net heat added 
to the system. In the temperature-entropy diagrams for the Otto and the Diesel cycles (fig. 4 and 
6), it can be seen that due to heat addition 2-3, the entropy of the cycle increases. The entropy 
generation gives rise to the irreversibilities. 
Fig. 5. Pressure-volume diagram of the air standard Diesel cycle. 
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If the actual reciprocating internal combustion engine is to be compared with the 
standard air cycles, then for the above figures, 1-2 will be the compression process, 2-3 will be 
the combustion process (initiated by means of spark for the case of an SI engine and by injection 
of fuel into the hot air for the case of a CI engine), process 3-4 will be expansion of the 
combustion gases to extract work, i.e., the power stroke and process 4-1 will be the heat 
rejection process at constant volume. 
However, as discussed earlier, for the actual reciprocating internal combustion engine, 
many losses may be identified. These losses can be prevented only if, 
1. the internal combustion engine is completely insulated and is frictionless, so that there is 
no heat loss from the system to the surrounding and also no loss of work because of 
friction. 
2. the compression of the mixture is conducted without mixing of the molecules of the 
mixture, so that there is no irreversibility due to mixing and also no heat exchange 
between the molecules, as they are not in contact with each other, and 
3. the combustion process is conducted reversibly 
Fig. 6. Temperature-entropy diagram of the air standard Diesel cycle. 
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For the current work, point 1 listed above is the assumption made in this study as the 
focus of this work is on the combustion processes and not on the mechanical aspect of the 
engine. The compression of the mixture without the mixing of its molecules can be imagined to 
be possible by the use of an anti-catalyst. So, only the other possibility of conducting combustion 
with zero irreversibility needs to be verified. This can be done by means of an availability 
analysis. 
Availability Analysis of a Combustion Process 
As described in the literature review, the combustion irreversibilities are minimized if the 
combustion processes are conducted at very high temperatures [4, 8]. To examine the 
reversibility of combustion processes, an availability analysis [8], was completed for a range of 
reactant temperatures at three reactant pressures and for three equivalence ratios. 
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Fig. 7. Percentage destruction of availability as a function of reactant temperature for three 
reactant pressures for constant volume combustion. 
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Fig. 7 shows the variation of the destruction of availability for hydrogen, for three 
reactant pressures (100 kPa, 1000 kPa and 10000 kPa) as a function of reactant temperature. 
For low temperatures, the destruction of availability is high (~20%) and is approximately the 
same for all three pressures. The availability destruction reduces as the reactant temperature 
increases. The reactant pressure has modest effects on the availability destruction. Precisely, 
availability destruction for lower reactant pressures (100 kPa) is lowest (~2%) at the highest 
reactant temperature. 
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 Fig. 8 shows the destruction of availability for constant volume combustion for three 
equivalence ratios (0.2, 1.0 and 2.0) as a function of reactant temperature. The destruction of 
availability, corresponding to 300 K, is highest for an equivalence ratio of 0.2 and lowest for an 
equivalence ratio of 2.0. Initially, the destruction of availability decreases rapidly as the reactant 
Fig. 8. Percentage destruction of availability as a function of reactant temperature for constant 
volume combustion for three equivalence ratios. 
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temperature increases. At higher temperatures (greater than 2000 K) the decrease in availability 
destruction is gradual and is about 2.0 to 3.5% for all the equivalence ratios. 
Fig. 9 shows the destruction of availability for isooctane fuel, for constant volume 
combustion processes at different pressures, as a function of reactant temperature. The 
availability destruction is similar to that for hydrogen fuel (fig. 8). At the lower temperatures and 
lower pressures, the availability destruction is high (about 22 – 25%). The significance of 
pressure variation becomes almost nil for high temperatures leading to convergence of 
availability destruction curves at 6000 K. The value for availability destruction for 6000 K is 
~3.5%. 
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Fig. 10 shows the availability destruction variation for isooctane, for equivalence ratios 
ranging from 0.2 to 2.0. Again, for lower equivalence ratio, the availability destruction is 
Fig. 9. Percentage destruction of availability as a function of reactant temperature for three
reactant pressures for constant volume combustion. 
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maximum and for rich mixture (equivalence ratio 2.0), the availability destruction is lesser. The 
availability destruction values further decrease as the reactant temperature increases. The 
reversal of trend at about 1500 K, for lean and stoichiometric mixtures, is due to the fact that the 
reactive availability for mixture at equivalence ratio 0.2 is very small as compared to thermo-
mechanical availability at higher temperatures. The lowest availability destruction at 6000 K is 
about 4.0%. The results at higher temperatures are similar to those found for hydrogen fuel. 
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The above study was restricted to hydrogen and isooctane as fuels. The detailed 
parametric analysis can be found elsewhere [4, 8]. The analysis reveals the fact that even at 
very high temperatures that cannot be handled by present materials technology, the availability 
destruction was very low but never zero. Hence, it may not be possible to conduct combustion 
Fig. 10. Percentage destruction of availability as a function of reactant temperature for constant 
volume combustion for three equivalence ratios. 
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reaction reversibly using high temperatures. Thus, a conceptual model that can substitute the 
irreversible constituent of combustion process was developed, as describe in the earlier section. 
Applications to Reciprocating Engines 
The current model helps in achieving the objective of reversible combustion, without the 
thermal energy exchange and premixing of the combustion species. The model, though 
theoretical, can be related to actual reciprocating engines.  
  
When the working of the model is compared with the Otto cycle and the Diesel cycle, on 
P-V diagram, in figures 11 and 12, it is represented by the processes 1-3-4 (process 1-3 is 
shown by a dotted line). In this model, the processes 1-2 and 2-3, of the air standard cycles, are 
represented by one process (1-3). The compression of the different species of the mixture are 
conducted in different cylinders, as a result of which there is no irreversible mixing and also no 
heat transfer between the species, each specie being compressed individually and separately. 
Fig. 11. Pressure-volume diagram of the model of hypothetical processes and the air standard 
Otto cycle. 
1
3
1
2
3
4
Volume
Pr
e
ss
u
re
 
4
25
The process 2-3 is completely eliminated. Due to the complete elimination of the combustion 
process, the processes for this model are described using a peculiar numbering scheme (1-3-4) 
which indicates the absence of irreversible combustion. 
When the species are compressed in the compression cylinders to state 3, their 
tendency to react diminishes, as state 3 is the state of thermodynamic equilibrium, pre-selected 
by means of a computer program developed (will be explained in next section). As a result of 
this, state (3) required to extract energy from the fuel is achieved without combustion process 
and hence there is no irreversibility associated with the combustion process in this model of 
hypothetical processes.  
Fig. 12. Pressure-volume diagram of the model of hypothetical processes and the air standard 
Diesel cycle. 
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V. DEVELOPMENT OF THE COMPUTER PROGRAM 
This section discusses how the thermodynamic properties, the availability and the work 
were calculated. A major feature of these calculations was the use of the NASA Lewis 
polynomial fits to the thermodynamic properties [9, 19]. 
Structure of the Program 
Fig. 13 shows the structure of the computer program developed to analyze the model 
under different operating conditions 
Calculation of thermodynamic properties using [9] 
(example: enthalpy, entropy etc.) 
Input from user 
Preliminary 
calculations 
       Secondary calculations 
(example: availability, work etc.) 
Generation of results 
Plots generation of from the results 
Storage of results in database 
Fig. 13. Structure of the computer program developed to calculate the thermodynamic properties of 
the fuel-air mixture for the model of the hypothetical processes. 
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The computer program was developed to represent the model of hypothetical 
processes, described earlier. It was designed such that user only needs to provide some primary 
initial data like, type of fuel, oxidant, compression ratio, compression pressure and temperature 
and the conditions of the restricted dead state. Once this is done, the program executes all the 
necessary calculations.  
Assumptions 
The major assumptions used in the analysis of the model are: 
1. Gases follow ideal gas behavior. 
2. Collection chamber, reciprocating engines and their contents make up a 
thermodynamic system. 
3. The system is perfectly insulated and is frictionless. 
4. Gases in the system had enough time to attain equilibrium conditions. 
5. The thermodynamic properties such as temperatures, pressures etc. are spatially 
uniform at each and every stage of the process. 
6. Gases mix instantaneously in the collection chamber. 
7. The thermodynamic properties are calculated using standard algorithms [9, 19]. 
Development of Program 
The computer program was developed to handle eight different fuels: 
• Hydrogen  
• Acetylene 
• Methane 
• Propane  
• Isooctane 
• Methanol 
• Ethanol 
• Benzene 
The oxidants that can be used are: pure oxygen and air. Here, standard composition of 
air was used [4] which can be found in appendix I. 
After supplying the initial data, primary calculations [8] are conducted. Firstly, the 
number of moles in the reactant mixture is found using the Ideal gas law 
PV n R T=
_
                        (5.1)
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where P is pressure, V is volume and T is temperature, of the system under consideration. R
_
is 
the universal gas constant and n is the number of moles in the system. The value for R
_
 is taken 
as 8.314
kPa m
kmole K
−
−
3
.
 The total number of moles found, is further used to find number of moles of fuel and 
number of moles of oxidant using stoichiometric equations. Once the moles of fuel and oxidant 
are known, the fuel air ratio is found as below. 
( : )
.
.
F A
n M
n M
f f
o o
=                                   (5.2) 
where n f is the number of moles of fuel and no is the number of moles of oxidant. M f and 
Mo stand for molecular weight of fuel and oxidant respectively. The fuel air ratio found above is 
for the stoichiometric balance and if the equivalence ratio is other than unity, then actual fuel air 
ratio needs to be calculated. 
( : ) ( : )F A F Aactual = ⋅φ            (5.3)
where φ  is equivalence ratio. 
The results from the above equations are used to calculate thermodynamic properties 
using NASA Lewis polynomial, developed by Gordon and McBride [9]. The literature about 
interfacing of the data input file and the code of polynomial fits is presented by Zehe et al. [19]. It 
may also be useful to refer literature by Caton [4] and Chavannavar [8] to find more detailed 
explanation regarding primary calculations. 
Thermodynamic properties like enthalpy, entropy, internal energy and composition of 
reactant mixture were calculated using NASA Lewis polynomial fit. The latest “7+2” coefficients 
as calculated in [8] were used to calculate the thermodynamic properties. These coefficients are 
listed in appendix III and can also be found on website [18]. The equations [19] used to calculate 
thermodynamic properties, enthalpy and entropy using these coefficients are: 
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     (5.5) 
where H is enthalpy and S is entropy of the mixture. Other equations used to calculate enthalpy, 
entropy and internal energy were,  
H n hi
i
n
i= ⋅
=
∑
1
_
             (5.6) 
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0 ln
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           (5.8)
where xi denotes mole fraction of the specie and U is internal energy. 
 After determining reactant mixture properties, product mixture properties are calculated 
by linking reactants and products by means of the combustion process which can be constant 
pressure or constant temperature or constant volume. The calculations discussed here are in 
general for any combustion problem. 
 For the proposed model discussed earlier, a major challenge was to find the exact 
composition of mixture at the end of compression process such that upon collection of reactant 
species, no product is formed. Rigorous programming was done to achieve the target. Initially for 
the given fuel-oxidant combination, the code calculates the maximum number of species that 
can be obtained upon dissociation of the fuel-oxidant mixture at high temperature. After finding 
the number and type of species, the code assumes some predefined amount of each of the 
species. These species are compressed, by reduction in volume, for a small step size. At the 
end of compression, all the species are allowed to equilibrate. After equilibrium, the new 
equilibrium composition is compared with earlier predefined composition and depending upon 
the differences, the quantity of each of the species is adjusted for a second iteration. The code 
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undergoes several iterations before finding the exact-required number of moles of each of the 
species in each compression cylinder. 
 Once the species come together in the collection chamber they are expanded very 
slowly and isentropically, again with a small step size, such that at each step they are in 
equilibrium. This is continued until the mixture has expanded to the original volume. 
 The species considered in the dissociation at the end of compression stroke are: 
• Hydrogen 
• Oxygen 
• Water 
• Nitrogen 
• Hydroxyl atom 
• Argon 
• Nitrogen 
• Hydrogen atom 
• Oxygen atom 
• Nitrogen atom 
• Carbon atom 
• Carbon 2 
• Carbon 3 
• Carbon monoxide 
• Carbon dioxide 
• Methane 
• Acetylene 
• CH 
• Nitrogen oxide 
• Nitrogen dioxide 
To calculate the work extracted from the system, an availability analysis is necessary. 
The availability balance equation is given by [3] as, 
( )
W d
E T S
dt Q
T
T
A Acv cv R j
R jj
N
initial finalmax ,
,
= −
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where Wmax is the maximum work available from a system if the irreversibility is zero, QR j, is the 
heat interaction between the system and a reservoir (j), N  is the number of heat interactions 
across the control volume. Subscripts R represents reservoir and CV represents control 
volume. In the above equation, first and second terms on right hand side are zero because our 
model is assumed to operate in steady state and is perfectly insulated. Also, 
W W Imax = +                        (5.10)
where W is the actual work and i is the irreversibility. As discussed, since the irreversibility in the 
developed model is zero, actual work is same as maximum work. Thus actual work is given by, 
W A Ainitial final= −            (5.11) 
Ainitial  and A final  are calculated using the equations listed in earlier sections. More discussion 
about zero irreversibility can be found in upcoming sections. A thermal efficiency of the model 
may be defined as, 
η =





 ×
W
LHV fuel
100            (5.12) 
where LHV fuel  is the lower heating value of the fuel which can be calculated as in [4], 
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where ( )∆H P T0 0, is difference in enthalpy between reactants and products at reference 
temperature and pressure, h f
0 is enthalpy of formation at reference conditions. Lower heating 
values of different fuels are listed in appendix II. 
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VI. RESULTS AND DISCUSSION 
 This section presents the results from the study of reversible combustion model that was 
developed using the concept proposed by Keenan [10]. The results were obtained from the code 
developed, which makes the use of NASA Lewis polynomials to calculate the thermodynamic 
properties. The results obtained from the code are presented in the form of plots in this section 
for better understanding of the trends that this model follows. The code considers the 
dissociation of species at high temperature for achieving accurate results. 
 The variables considered in this analysis are: 
• Fuel  
• Oxidant 
• Temperature  
• Pressure 
• Equivalence ratio 
• Compression ratio 
The different fuels considered in this analysis are: 
• Hydrogen, H2
• Isooctane, C8H18
• Acetylene, C2H2
• Methane, CH4
• Propane, C3H8
• Methanol, CH3OH 
• Ethanol, C2H5OH 
• Benzene, C6H6
 The oxidants used for the combustion processes are: 
• Pure oxygen 
• Air i.e. standard wet atmosphere (appendix I) 
The range for which analysis is conducted: 
• Temperature: 500 K – 6000 K 
• Pressure: 1000 kPa – 20000 kPa 
• Equivalence ratio: 0.2 – 2.0 
• Compression ratio: 4 – 24 
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 As listed above, the analysis was done for fairly large ranges of parameters. The upper 
limits considered were unrealistically high (6000 K, 20000 kPa, and equivalence ratio 2.0) and 
are unlikely to occur in the practical systems. However, such analysis provides useful insight 
about the work and efficiency trends followed by the model of hypothetical processes. It helps 
better selection of the most optimum condition under which this model should be used for more 
work extraction and higher efficiency.  
 This section is divided into two main subsections – the base case study and the 
parametric study. The first subsection illustrates the results for the selected base case and the 
variations in base case. The base case selected for the study was: 
• fuel: isooctane 
• oxidant: air 
• compression temperature: 2500 K 
• compression pressure: 10000 kPa 
• equivalence ratio: 1.0 
• compression ratio: 18 
The base case was selected in such a way that it lies in between the analysis range, stated 
above, and also closely represents the conditions that are used in practice. For example, 
isooctane is often used to model actual SI engine fuels and atmospheric air is used as the 
oxidant. High compression ratios of 18 are common for Diesel engines where the compression 
pressures are as high as 10000 kPa and even higher in some cases. 
 The base case study includes the following sub-sections: 
• Effects of compression temperature in combination with high compression pressure 
- illustrates the base case 
- illustrates the base case, but at higher compression temperature (6000 K) 
- illustrates the base case, but for range of compression temperatures (0-6000 K) 
• Effects of compression temperature in combination with low compression pressure 
- illustrates the base case, but for range of compression temperatures (0-6000 K) and 
lower compression pressure (1000 kPa) 
• Effects of compression temperature in combination with rich mixture 
- illustrates the base case, but for range of compression temperatures (0-6000 K) and 
rich reactant mixture (equivalence ratio 2.0) 
• Effects of compression temperature in combination with lean mixture 
- illustrates the base case, but for range of compression temperatures (0-6000 K) and 
lean reactant mixture (equivalence ratio 0.2) 
• Effects of compression temperature in combination with high compression ratio 
34
- illustrates the base case, but for range of compression temperatures (0-6000 K) and 
high compression ratio (compression ratio 24) 
• Effects of compression temperature in combination with high compression ratio 
- illustrates the base case, but for range of compression temperatures (0-6000 K) and 
lower compression ratio (compression ratio 4) 
• Effects of compression temperature in combination with oxygen as oxidant 
- illustrates the base case, but for range of compression temperatures (0-6000 K) and 
oxygen as oxidant. 
 The second subsection, which is the last subsection, presents the parametric study 
which illustrates the behavior of the model when used under different thermodynamic conditions 
and with different fuels. The parametric study also discusses the effects of compression 
pressures, equivalence ratios and compression ratios for the entire range of temperatures.  
Several combinations of thermodynamic properties were considered, in search of efficient fuel 
and feasible thermodynamic condition that can develop more work. However, both the 
subsections discuss only peculiar cases of study, while the other similar results can be found in 
appendix V.   
Base Case Study 
 For the base case, the reversible combustion model uses isooctane as fuel and air as 
oxidant. To study the effects of pressure, temperature, equivalence ratio and compression ratio, 
each of these parameters of the base case will be varied through out this section while keeping 
the others constant to analyze the efficiency trends of the model. 
Effects of compression temperature in combination with high compression pressure (10000 kPa) 
Part I 
 In this part of the study, the conditions include a compression temperature of 2500 K, a 
compression pressure of 10000 kPa, an equivalence ratio of 1.0 and a compression ratio of 18, 
i.e. at the selected base case conditions.  
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Fig. 14 shows the base case processes on a P-V diagram. The processes in the model 
are numbered by 1-3-4. The process 1-3 is the compression process. The compression is 
conducted isentropically in different cylinders to avoid any reactions and the irreversible mixing 
of species. As the compression proceeds from point 1 (relative volume of 18), the volume of 
gases decreases while the pressure increases exponentially. Increase of pressure leads to 
higher temperatures. The compression process is continued until the total pressure of all the 
species reach 10000 kPa and the temperature of the individual species reach 2500 K, which is 
the compression pressure (P3)  and compression temperature (T3) for the selected base case. 
The relative volume of the species at the end of compression is 1 as the compression ratio 
selected for this case is 18. 
At the end of the compression (point 3), the species are taken from the different 
compression cylinders and are allowed to mix instantaneously in the collection chamber. When 
the different species come together, the species find themselves in equilibrium and have no 
tendency to react and form products. This phenomenon of species being in equilibrium at the 
Fig. 14. Variation of pressure as a function of relative volume for isooctane-air at 2500 K 
compression temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
36
end of compression is the result of the compression of the exact amount of species in the 
compression cylinders at the pre-selected thermodynamic states, combined to form state 1 in 
fig. 14. This is a key feature of the current study. The state 1 of the species is found iteratively by 
the use of the code as discussed earlier.   
The species in equilibrium, at point 3, are then expanded isentropically to point 4 by 
increasing the volume. As the volume increases, the pressure exponentially decreases and so 
also the temperature decreases. The expansion is stopped at the original volume from where the 
compression was started. 
For the selected base case (2500 K, 10000 kPa), it can be seen that the points 1 and 4 
coincide. The area under the curve 1-3 represents the work consumed by the model for 
compressing the species in the compression cylinders while the area below the curve 3-4 is the 
amount of work developed by the model during the expansion process. The area between the 
curves 1-3 and 3-4 on the P-V diagram is the difference between the work produced and the 
work consumed, which is proportional to the net work developed by the current model.  
The model is assumed to be perfectly insulated and so there is no heat transfer between 
the system (model) and the surroundings. Also, since this model contains no actual combustion 
process, as in contrast to that in the case of the Otto and the Diesel cycle, the losses due to 
combustion irreversibility are zero. Hence, on the application of the second law availability 
analysis, it can be seen that the available energy entering the model is the same as the available 
energy going out of the model, so the model can be said to be operating reversibly.  
The generation of work is because of the difference in the path followed by the 
processes 1-3 and 3-4 on the P-V diagram, which is the result of difference in the conditions 
under which these processes take place. The process 1-3 is the compression of frozen species 
in the different cylinders and the process 3-4 in the expansion of species in a single cylinder 
where they are allowed to react with each other and equilibrate themselves at every infinitely 
small step of isentropic expansion. 
Part II 
 Part II of the study, discusses the operation of the base case but at a higher temperature 
(6000 K instead of 2500 K) to examine the behavior of the model at higher temperatures. 
Fig. 15 shows the pressure as a function of volume for a compression temperature of 
6000 K while the compression pressure, equivalence ratio and compression ratio are kept the 
same (10000 kPa, 1.0, 18, respectively) as in the previous case, to see the effect of 
compression temperature on the results.  
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For compression temperature of 6000 K, the model consists of the similar processes - 
the isentropic compression of frozen species and the isentropic expansion of the species in 
equilibrium. As the volume decreases, the pressure increases during compression while for 
expansion, the pressure decreases as the volume increases. The point 4, which is the end point 
of the expansion process, is however seen to be above point 1 and no more coincides with point 
1, as it did for 2500 K compression temperature. This is due to the larger deviation of the 
expansion curve (3-4) from the compression curve (1-3). The more the deviation between the 
curves, the more is the area between the curves and so more work can be developed.  
As discussed earlier, the amount of work developed is indicated by the area between the 
curves. This work is developed by the total mixture and so has the units of “kJ/kg of mixture”. By 
appropriate calculations, as discussed in the earlier section, the work developed by the fuel can 
be calculated, which if is divided by the lower heating value of the fuel gives the thermal 
efficiency. In one of the literatures [6], this efficiency is termed the fuel conversion efficiency. 
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Fig. 15. Variation of pressure as a function of relative volume for isooctane-air at 6000 K 
compression temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18. 
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Hence, referring to the fig. 15, it can be concluded that higher efficiency can be obtained 
when the model is allowed to operate at 6000 K as compared to when it is operated at 2500 K 
compression temperature.  
Part III 
To determine the nature of the dependence of work and efficiency on the compression 
temperature, several P-V diagrams were examined. Calculations for work and efficiencies were 
completed for the compression temperatures ranging from 500 K to 6000 K. The P-V diagrams 
for most of these cases are presented in appendix V. 
 Fig. 16 shows the net work (per kg of fuel & per kg of mixture) as functions of 
compression temperatures (500 K to 6000 K) for the base case parameters. 
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  Fig. 16. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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 The work developed by the mixture increases almost linearly as the temperature 
increases. It is almost zero until about 2000 K while at 6000 K it is approximately 800 kJ/kg of 
mixture. As the work developed by the fuel is dependent upon the work by the mixture, it is also 
zero until about 2000 K compression temperature and is approximately 12600 kJ/kg of fuel at 
6000 K. 
 Fig. 17 shows the variation of efficiency as a function of compression temperature for 
the same case discussed above, for the range 500 K to 6000 K. 
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 The efficiency is proportional to the work produced by the fuel and follows the trend 
similar to that seen for the work developed by the fuel. Again, until compression temperature of 
about 2000 K, the efficiency of the model is nearly 0% while for the compression temperatures 
Fig. 17. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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greater than 2000 K, the efficiency increases almost monotonically with compression 
temperature. At 6000 K, the efficiency is highest and is ~28%. 
 Fig. 17 indicates that compression temperature is an important factor on which the 
efficiency of the model depends. It is also clear that, for 10000 kPa, the efficiency of the model 
increases with compression temperature. To understand this increasing efficiency trend for the 
model, availability variations need to be analyzed.
 Fig. 18 shows the effect of temperatures on availabilities (availability at points 1, 3, 
and 4), again for the same case of isooctane-air combination and 10000 kPa compression 
pressure.   
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Fig. 18. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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almost linearly for the higher compression temperatures. This is in consistent with the literature 
of Caton [4] and Chavannavar [8]. As the temperature of the mixture increases, the thermo-
mechanical availability, which is governed by pressure and temperature of the model, increases 
and so the availabilities at points 1, 3 and 4 increase. At lower temperatures (about 500 K), the 
thermo-mechanical component of the availability is very small and the difference in the states 1, 
3 and 4 are purely due to the chemical availability component of availability.  
The increasing availability trends of the states 1, 3 and 4 are similar but not the same. 
This is due to the differences in which the three states exist in the model for the same amount of 
mixture mass. At state 3, the species of the mixture are in equilibrium and are at high 
compression temperature and pressure obtained due to the compression of species. At state 4, 
again, the species are in equilibrium but the temperature and pressure are lower due to the 
expansion of the species. At state 1, the temperature and the pressure are low but the species 
are not in equilibrium, each being placed in different cylinders. As a result, the availability at 
three points for a particular temperature is different, the availability at point 3 being the highest.
The availabilities at 6000 K compression temperature are 7000, 7800 and 11800 kJ/kg of 
mixture for states 4, 1 and 3 respectively. 
 The points on the intersection of the vertical dashed line and the three availability 
variation curves, 1’, 3’ and 4’ are the availabilities at points 1, 3 and 4 respectively of the 
processes when the compression temperature is 4500 K. The vertical distance between the 
points 3’–1’ represents the work consumed by the model in compressing the species in the 
compression cylinders. The distance between the points 3’-4’ represents the work developed by 
the model. Thus, the distance between 1’ and 4’ represents the net work developed by the 
model. For the considered case, as the compression temperature (T3) increases, the distance 
between the points 1 and 4 increases and so the net work and the efficiency of the model 
increase. 
 From the above discussion, it is clear that point 3, which is the end of the compression 
process, plays a major role in work consumption and work extraction calculations. The positions 
of the points 1 and 4 are dictated by the position of point 3. As the compression temperature 
increases, more and more species are formed at the end of the compression process due to 
dissociation and hence more and more extraction of work is possible. This is in line with the 
literature of Keenan [10] and Obert [11] from which this model was developed.  
 Fig. 19 shows the variation of the partial pressure of species, as they are expanded 
isentropically and in equilibrium in the expansion cylinder for the base case (compression 
temperature 2500 K). The partial pressure of the species is dependent upon the amount of 
species, so these variations also represent the species variation. 
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 The expansion process 3-4 starts at a pressure of 10000 kPa and at a relative volume 
of 1. It is presented by a thick continuous line in fig. 19 which represents the total pressure in the 
expansion cylinder. The expansion continues until the compression ratio of 18 is reached. The 
curves below the thick line represent the variation of partial pressure of the species as they are 
expanded in equilibrium in the expansion cylinder. The sum of the partial pressures is the total 
pressure during expansion. 
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Fig. 19. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for isooctane-air at 2500 K compression 
temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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For a compression temperature of 2500 K, when the relative volume is 1, the number of 
species formed due to dissociation are very few, namely N2, H2O, CO2 and some other species 
in small amounts. But for the case of higher compression temperature (6000 K), illustrated in 
fig. 20, the results are different.  
 Fig. 20 shows the variation of partial pressures of the species during the expansion 
process 3-4 when the compression temperature is 6000 K.  
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Fig. 20. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for isooctane-air at 6000 K compression 
temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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 When the expansion process starts from the same compression pressure (10000 kPa) 
and same relative volume of 1, as for the earlier case, but at higher compression temperature 
(6000 K), the number of species formed due to dissociation is more at state 3 as compared to 
when the compression temperature was 2500 K. This is purely due to the high compression 
temperature. For such high temperatures more dissociation of species occur, resulting in more 
number of species.  
 As per the concept [10] of this model, more number of species is one of the 
requirements for the work generation. This is because when higher number of species is 
expanded following the most stable states of equilibrium, the work extraction from the system is 
possible. The higher the number of species during expansion, the greater is the work produced. 
Since, in the case of higher compression temperature of 6000 K, the number of species is 
higher, more work can be extracted than in earlier case of 2500 K.  
 Hence, for 10000 kPa compression pressure, it can be concluded that as the 
compression temperature increases, the thermal efficiency increases. 
Effects of compression temperature in combination with low compression pressure (1000 kPa) 
 The compression pressure considered in the above cases was 10000 kPa. To study the 
effect of compression temperature at lower compression pressures, the model will be analyzed 
for 1000 kPa compression pressure, in this part of the section. 
 Fig. 21 shows the variation of pressure as a function of relative volume for a 
compression temperature of 3500 K. The equivalence ratio and compression ratio are the same 
(1.0 and 18, respectively) for consistent comparison with the earlier case of 10000 kPa 
compression pressure. 
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 The species are compressed in the compression cylinder from a relative volume of 18 
(point 1) to a relative volume of 1 (point 3), and are then expanded back to the original relative 
volume of 18, to extract the work developed by the model. The area between the expansion and 
the compression curves represents the work developed by the model for 3500 K compression 
temperature case.  
 To study the behavior of the model and see the work generation trend for varying 
temperatures, the model was allowed to operate for a range of compression temperatures 
(500 K to 6000 K) and a constant compression pressure of 1000 kPa. For each of these 
compression temperatures, the work by mixture and fuel was calculated, which is presented in 
fig. 22.  
Fig. 21. Variation of pressure as a function of relative volume for isooctane-air at 3500 K 
compression temperature, 1000 kPa compression pressure, Ф = 1.0 and CR = 18. 
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Fig. 22 shows the net work for 1000 kPa compression pressure and for a range of 
compression temperatures. The work is produced only for 2600 K – 4000 K temperature range. 
This is in contrast to the results discussed for the high compression pressure case (10000 kPa) 
where the work developed by the model increased monotonically with temperature and was 
never zero at higher temperatures (4000 K to 6000 K). The maximum work developed here, is 
13400 kJ/kg of fuel and the work developed for the case in fig. 21 (3500 K compression 
temperature) is 12800 kJ/kg of fuel.  
Fig. 23 shows the efficiency variation of the model for a range of compression 
temperatures. 
The efficiency of the model is zero from 0 K to ~2600 K compression temperature. It 
then rapidly increases to reach 3% at 3400 K and later it sharply falls back to zero as 
temperature is increased to 4000 K. For the temperatures greater than 4000 K, the percentage 
efficiency is again zero. The efficiency being linear function of the work follows the trend similar 
Fig. 22. Work as a function of compression temperature for isooctane-air at 1000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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to that followed by fuel work in fig. 22. To better understand the work and efficiency trends, the 
availability variations are studied. 
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Fig. 24 shows the variation of availabilities at state 1, 3 and 4 as a function of 
compression temperature. As discussed earlier, the vertical distance at any compression 
temperature, between availability curves for points 3 and 1 represent the work consumed by the 
model in compression of the species while the distance between curves 3 and 4 represents the 
work developed by the system. Thus, the net work developed by the system can be found by 
analyzing the between availability curves for points 1 and 4 for a particular compression 
temperature. If this difference is positive i.e. the availability at state 1 is greater than that at 
state 4, the net work is developed by the system. If the availability difference is negative, no net 
work is developed; in fact some work is consumed by the system for its operation. 
Fig. 23. Percentage efficiency as a function of compression temperature for isooctane-air at 
1000 kPa compression pressure, Ф = 1.0 and CR = 18.  
48
0 1000 2000 3000 4000 5000 6000
0
2000
4000
6000
8000
10000
12000
14000
 Com pression Tem perature (T3) (K)  
A
v
a
ila
bi
lit
y
v
a
ria
tio
n
(kJ
/k
g
o
fr
e
a
ct
a
n
tm
ix
tu
re
)
Isooctane - Air
Eq. ratio 1
P3 = 10 bar (1000 kPa)
CR = 18
Availability variation at point 3
Availability variation at point 1
Availability variation at point 4
The calculations show that, for temperatures 2600 K to 4000 K, the difference between 
the availability curves at points 1 and 4 are positive, hence some work is delivered by the model 
(as shown in figs. 22 and 23). While for the other compression temperatures, the difference 
being negative, work is consumed by the model.  
To analyze the reason for zero efficiency, the behavior of the model was examined at 
compression temperatures of 500 K (compression temperature lower than 3500 K where 
efficiency was zero) and 6000 K (compression temperature greater than 3500 K where again 
efficiency was zero) and their corresponding P-V diagrams are shown in figs. 25 and 26. 
  
Fig. 24. Availabilities as a function of compression temperature for isooctane-air at 1000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 25 shows the behavior of the model on P-V diagram for the compression 
temperature 500 K. The other parameters - compression pressure, equivalence ratio and 
compression ratio are held constant as in the earlier case – 1000 kPa, 1.0 and 18 respectively. It 
can be seen from the figure, that the path followed during the compression process from point 1 
to point 3 (1000 kPa compression pressure and 500 K compression temperature) is the same as 
that followed by the expansion process from point 3 to 4. As a result of this, points 1 and 4 
coincide and the area (which represents the work transfer) between the expansion and the 
compression curves is almost zero. In fact, in some small part of fig. 25, a small amount of 
negative work is developed (which is not discernible due to the scale of the plot). To study this 
unusual trend, analysis of the species variation during equilibrium expansion is necessary, which 
will be illustrated after the examination of P-V diagram for 6000 K compression temperature. 
Fig. 26 shows the P-V diagrams for another zero efficiency condition, but this time at 
compression temperature greater than 3500 K (i.e. at 6000 K). The fig. 26 also shows the 
superimposed P-V diagram for the compression temperature 3500 K for direct comparison. 
Fig. 25. Variation of pressure as a function of relative volume for isooctane-air at 500 K 
compression temperature, 1000 kPa compression pressure, Ф = 1.0 and CR = 18. 
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When the species (at 1000 kPa compression pressure and 6000 K compression 
temperature) are expanded, the pressure at state 4 decreases and goes below the atmospheric 
pressure. As discussed earlier, the position of points 4 and 1 are dictated by the position of 
point 3. So, for low compression pressure of 1000 kPa, point 1 is also seen to fall below 
atmospheric pressure line. As a result of this, the entire P-V diagram shifts downwards, some 
part being below the atmospheric pressure line. The area between the expansion and the 
compression curves below atmospheric pressure line indicates the negative work. This negative 
work is the result of the work (i.e. the pdv work) consumed in displacing the surrounding 
atmosphere (which is at higher pressure) on the other side of the piston. This results in the loss 
of work from the net work developed by the model. This loss being higher than the net work 
developed, the efficiency is zero at 500 K compression temperature.  
The negative pdv work is also seen for the operating conditions – 1000 kPa and 3500 K, 
which is superimposed on the P-V diagram in fig. 26. However, for this case, the area under the 
Fig. 26. Variation of pressure as a function of relative volume for isooctane-air at 3500 K and 
6000 K compression temperatures, 1000 kPa compression pressure, Ф = 1.0 and CR = 18. 
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atmospheric pressure line is comparatively smaller, than when the compression temperature 
was 500 K. This results in comparatively lower loss of work due to the displacement of the 
surroundings, allowing the model to produce small amount of net work which further results to 
positive efficiency. 
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Fig. 27. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for isooctane-air at 500 K compression temperature, 
1000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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To study the differences in the three typical cases (500 K, 3500 K and 6000 K 
compression temperatures) selected above, from the view point of species variation, the 
following study is conducted. This study helps to understand the dependence of the work 
transfer on the species variation.  
Fig. 27 shows the partial pressure variation of the species during the expansion process 
for 500 K compression temperature. The number of species at point 3, (where the species mix 
instantaneously at the end of isentropic compression) depends upon the thermodynamic 
conditions at that state. At 500 K compression temperature, the dissociation of the species is 
less due to the lower temperature. The major species seen are those of N2, H2O CO2 and small 
amounts of other species which include argon. The lower number of species leads to 
development of less work. This is because, for lower dissociation the composition of the species 
is almost similar during the expansion and the compression processes. As a result, the path 
followed by both the processes almost coincides with each other and hence no work is 
developed by the model. This is in conformance to the earlier results which indicated that more 
species at high temperature (which when expanded along the most stable path) generate more 
work.  
The very small amount work that can be obtained due to few species at state 3 further 
gets negated by the work done by the surroundings (negative work) as the species are 
expanded below the atmospheric pressure in the expansion cylinder. 
Fig. 28 shows the variation in partial pressure of the species during equilibrium 
expansion from 1000 kPa pressure when the compression temperature is 3500 K. The number 
of species formed due to dissociation is higher as compared to when the compression 
temperature was 500 K. As a result, more work can be obtained and this is in consistency with 
fig. 22 and 23. In fig 28, the point ‘p’ denotes the condition when the pressure in the expansion 
cylinder is the same as that of the surrounding atmosphere during expansion.  
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Fig. 29 shows the variation of species during expansion process when the compression 
temperature is 6000 K and the compression pressure is 1000 kPa. Due to higher compression 
temperature the number of species formed upon dissociation is very high. This number is even 
greater than when the compression temperature was 3500 K, in the earlier case. This is because 
dissociation is the temperature dependent phenomenon. It increases with temperature. 
However, in contrast to the earlier case, the work developed decreased for higher dissociation of 
Fig. 28. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for isooctane-air at 3500 K compression 
temperature, 1000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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species instead of increasing as per the standard explanation of the model’s concept followed 
until this point of study. This is due to lower compression pressure.  
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For 1000 kPa compression pressure and 6000 K compression temperature, the number 
of species formed is so high that the partial pressure of the individual species is reduced to a 
Fig. 29. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for isooctane-air at 6000 K compression 
temperature, 1000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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very small value. Expansion of these low pressure species results in the early fall of the total 
pressure below the atmospheric pressure line as shown in fig. 29. The point ‘p’ which was 
defined as the point on the expansion curve when cylinder pressure is equal to the atmospheric 
pressure, for the case of 3500 K compression temperature, is seen to have shifted vertically 
downwards from p to p’. As a result of this, the work done by the surrounding on the model is 
more in the case 6000 K compression temperature, leading to zero efficiency. 
However, for the case of 10000 kPa compression pressure, which was considered at the 
beginning of this section, even at higher temperatures, the work developed by the model 
increased almost linearly with compression temperature. This is because, in that case, the 
higher temperature was accompanied by the higher compression pressures which suppressed 
the dissociation, producing less negative work. 
Effects of compression temperature in combination with rich mixture (equivalence ratio of 2.0) 
The earlier cases of study involved variation in compression pressures for the same 
temperature range 500 K to 6000 K for stoichiometric mixtures. This part of the study will deal 
with effects of compression temperature on the efficiency when the mixture is rich in fuel. Except 
for an equivalence ratio of 2.0, all the other parameters will be the same as defined for the base 
case, i.e. a compression pressure of 10000 kPa and a compression ratio of 18. The temperature 
range used for the analysis is again 500 k to 6000 K. 
Fig. 30 illustrates the variation of work developed per total mixture mass and per fuel 
mass. Up to approximately 3200 K, the work developed by the model is zero. This is because of 
lower dissociation of species which in this case is due to the combined effect of lower 
temperatures and high pressure (10000 kPa). After 3200 K, as the compression temperature 
increases, more species are formed due to dissociation and hence more work is developed. The 
maximum work developed by the mixture is about 800 kJ/kg of mixture and that by the fuel is 
about 7450 kJ/kg of fuel.  
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Fig. 31 shows the variation of the efficiency as a function of compression temperature. 
For the temperatures lower than 3200 K, the efficiency is zero, since also the work per total 
mixture mass and per fuel mass is zero as shown in the fig. 30. Then, as the work increases with 
temperature due to dissociation of species, the percentage efficiency also increases. The 
maximum thermal efficiency of the model at 6000 K is ~16.5%. 
At higher compression temperatures (4000 K – 6000 K), the problem of excess 
dissociation, which causes reduction of pressures below atmospheric pressure during expansion 
(as seen in the earlier case when the compression temperature was 6000 K and compression 
pressure was 1000 kPa) is avoided because the compression pressure is comparatively high 
(10000 kPa) for this case. The higher pressure decreases the dissociation at high temperatures.  
Fig. 30. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 2.0 and CR = 18.  
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Fig. 32 shows the availability variations for a range of compression temperatures. Again, 
consistent with the work and percentage efficiency trends in the figures 30 and 31 respectively, 
the difference between the availability curves for points 4 and 1 (which represents the net work 
developed) increased only after 3200 K. For this case, the work and the percentage efficiency 
numbers are positive after this point. 
 For the temperatures below 3200 K, the availability difference is slightly negative, as the 
availability curve for point 4 is slightly higher than for point 1, resulting in more consumption of 
work than developed. At 500 K, the availability at point 1 and 4 coincides and hence no work can 
be extracted.   
Fig. 31. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 2.0 and CR = 18.  
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Effects of compression temperature in combination with lean mixture (equivalence ratio of 0.2) 
This part of the section investigates the effects of using lean mixtures. Fig. 33 shows the 
variation of the work with the change in compression temperature for mixture with equivalence 
ratio 0.2. The compression pressure and compression ratio are the same as that used for the 
earlier case of rich mixture, i.e. 10000 kPa and 18, respectively.  
Again, for lower temperatures, no work is developed by the model and further as the 
compression temperature increases, the work developed also increases. At 6000 K, the work per 
total mixture mass is about 500 kJ/kg (37000 kJ/kg of fuel). These figures are different than 
those for the earlier case of rich mixture (equivalence ratio 2.0).  
For the case of rich mixture, at 6000 K, the work per unit mass of fuel (7450 kJ/kg) is 
less than that for the lean case (37000 kJ/kg of fuel). This is because, when the mixture is rich, 
some of the fuel gets less air, resulting in incomplete utilization of the fuel. However, in the case 
of the lean mixture, the fuel is utilized fully, because the molecules of fuel get sufficient amount 
of air that it needs, and hence, the work per unit mass of fuel is higher for lean case. But, when 
Fig. 32. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 2.0 and CR = 18.  
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work per total mixture mass is considered, the rich mixtures (800 kJ/kg) are better than the lean 
mixtures (500 kJ/kg), at 6000K. This is because, even though there is incomplete utilization of 
fuel in the case of rich mixture, the work produced is still higher than that produced in lean case, 
because of the higher chemical availability. 
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Fig. 34 shows the efficiency for the lean case, considered above for 10000 kPa 
compression pressure, for isooctane-air combination. Again, consistent with fig. 33, the trend 
followed by the efficiency variation for increasing compression temperatures is similar to that 
followed by the work developed per fuel mass. As the compression temperature increases, the 
percentage efficiency also increases. The efficiency of the model at 6000 K is highest and is 
higher than that noted for the rich mixture.  
Fig. 33. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 0.2 and CR = 18.  
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Fig. 35 shows the variation of availabilities at three crucial points of the model of 
hypothetical processes as a function of compression temperature. The availability differences 
between the curves for point 1 and point 4 increases and so the work generation increases with 
temperature, as was seen in figs. 33 and 34. However for the present lean case, the values of 
availability for all three points are lower than that noted for the rich case. This reduction of 
availability values is due to lesser available chemical energy of the fuel in lean mixture. 
Fig. 34. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 0.2 and CR = 18.  
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As stated earlier and as illustrated in figs. 33, 34 and 35, the efficiency of the model is 
dependent upon the work done by the fuel, which in turn is directly proportional to the work done 
by the mixture. The work developed by the mixture is further dependent upon availability 
variations at points 1, 3 and 4 of the model. So to avoid repetitive discussions, the remaining 
literature of the thesis will only discuss efficiency trends. The trends for– availability variations, 
work done by fuel and mixture, can be found in appendix V for peculiar cases. 
Effects of compression temperature in combination with high compression ratio (CR = 24) 
In this part of the section, the effects of the compression temperature on the efficiency 
are studied for a higher compression ratio (24) and for a range of temperature (500 K to 6000 K). 
The other parameters of the base case will be the same as used earlier, i.e. compression 
pressure 10000 kPa and equivalence ratio 1.0. 
Fig. 36 shows the variation of efficiency of the model as a function of temperature. For 
the initial temperature range (0 to 2000 K), the species are restricted from dissociation because 
Fig. 35. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 0.2 and CR = 18.  
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of high compression pressure (10000 kPa) in combination with lower compression temperatures. 
However, for temperatures greater than 2000 K, the species slowly starts dissociating and so the 
work that can be extracted during the expansion process, increases with temperature. The 
increased work results in increase in efficiency. The maximum efficiency at 6000 K is ~32%. 
0 1000 2000 3000 4000 5000 6000
0
3
6
9
12
15
18
21
24
27
30
33
Com pression Tem perature (T3) (K) 
Ef
fic
ie
n
c
y 
(%
)
Isooctane- Air
CR = 24
P3 = 100 bar (10000 kPa)
Eq. ratio 1.0
Effects of compression temperature in combination with low compression ratio (CR = 4) 
In this part of the section, the analysis of the model for a lower compression ratio of 4 is 
discussed. The other parameters are kept the same as for the earlier case for direct comparison 
between the two cases.  
Fig. 36. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 24.  
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Fig. 37 shows the efficiency as a function of the compression temperature. Again, until 
about 2000 K compression temperature, the number of species due to dissociation at point 3 
(the end point of the compression process) are not enough to generate much work and so for the 
temperatures lower than 2000 K, the efficiency is almost nil. Then, as the temperature increases, 
efficiency of the model also increases. 
The maximum efficiency of the model at 6000 K is noted to be about 8.7%. This number 
is too small in comparison to that seen when the compression ratio was higher (CR = 24) for the 
earlier case of study. This is because for higher compression ratios, the model has more 
opportunities for extracting work during expansion due to longer expansion stroke length. Of 
course, longer expansion strokes also mean longer compression strokes for a given 
compression ratio. But due to the deviating nature of the curves of expansion and compression, 
i.e. the point 3 is a common point for both the curves, while points 1 and 4 move apart as the 
volume increases; more work area on the P-V diagram can be trapped as the compression ratio 
is increased, resulting in higher net work. 
Fig.37. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 4.  
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However, from the above discussion, it may be inappropriate to conclude that the 
efficiency of the model is always proportional to the compression ratio. When the compression 
ratio is increased for a model operating at a particular compression pressure, after certain 
increase in compression ratio the efficiency of the model will decrease. This is due to the fact, 
excess compression ratio leads to over-expansion of the mixture in the expansion cylinder, 
causing the pressure to fall below the atmospheric pressure before the end of the expansion 
which results in work consumption by the model to displace the surroundings on the other side of 
the piston. The negative effect of the high compression ratio becomes more and more severe as 
the compression pressure is lowered.  
Effects of compression temperature when oxygen is used as oxidant 
 In this case of study, a mixture of isooctane and oxygen is studied for a compression 
pressure of 10000 kPa, the compression temperature range is 500 K to 6000 K, the equivalence 
ratio is 1.0 and the compression ratio is 18. 
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Fig. 38. Percentage efficiency as a function of compression temperature for isooctane-oxygen 
at 10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 38 shows the efficiency as a function of compression temperatures. As seen earlier, 
for lower number of species due to dissociation at low temperature, the efficiency is zero. For 
temperatures higher than ~2300 K, the efficiency steadily increases, reaching ~16.9% at 6000 K. 
The efficiency when air was used as the oxidant was about 28% at 6000 K. The decrease in the 
efficiency when oxygen is used as an oxidant can be explained by comparing the work. 
Fig. 39 shows the work as a function of compression temperatures ranging from 0 to 
6000 K. 
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As stated earlier, the efficiency is directly dependent upon the work. The work 
developed, when air was used as an oxidant, was about 12600 kJ/kg of fuel at 6000 K, which is 
only about 7500 kJ/kg of fuel when pure oxygen is used. This difference in numbers is because 
of the amount of oxidant in each case. For the same stoichiometric balance, the amount of air is 
Fig. 39. Work as a function of compression temperature for isooctane-oxygen at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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always greater (when air is used as the oxidant) than the amount of oxygen (when oxygen is 
used as the oxidant). As a result, when air was used, the mixture was comparatively lean. For 
lean mixtures, the fuel gets sufficient amount of oxidant that it needs to form products and hence 
the utilization of the fuel is better, resulting in more work.  
However, for work per unit mixture mass, for rich mixture (when oxygen is used as an 
oxidant), the work produced is higher (1700 kJ/kg of mixture) as compared to when air was used 
(800 kJ/kg of mixture). This is because, even though there is incomplete utilization of fuel, when 
oxygen is used, the work per total mixture mass is still higher due to the higher chemical 
availability and less dilution. 
Another reason for lower work developed per total mixture mass when air is used is 
because of the presence of nitrogen species. Nitrogen is comparatively more stable specie 
which requires very high temperature for its complete dissociation into nitrogen atoms. As a 
result of this resistance provided by nitrogen against dissociation, the number of species formed 
at the end of compression is less and so the work developed by the mixture is less, as compared 
to when pure oxygen is used as the oxidant. 
The comparisons of the work and the efficiency, when air and oxygen are used as 
oxidants, can be found in the later part of this section. 
  
Operation of model in a cycle 
The current model is essentially made up of two main processes - the isentropic 
compression of species in the compression cylinders and the isentropic expansion of species in 
expansion cylinder. To extend this concept to a cycle, a process can be added at the end of the 
expansion process which can bring the species to the thermodynamic state at which state 1 
exists. This can be done by using an appropriate heat transfer process 4-1.The resulting cycle 
would then be similar to that shown in fig. 40. 
The process 0-1 will be the suction process where the species of the mixture will be 
taken inside the compression cylinders. The process 1-3 will be the isentropic compression of 
the species in the different compression cylinders. At point 3, instantaneous collection of species 
will take place in the collection chamber. The process 3-4 will be the expansion of the species, in 
equilibrium, in the expansion cylinder (the power stroke). The process 4-1 will be the heat 
transfer process, to bring the species back to the state 1. And finally, the process 1-0 will be the 
exhaust process during which the species of the mixture will be displaced out of the model. 
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Parametric Study 
  The analyses completed so far were for the temperature range 500 K to 6000 K (for 
most of the cases), while the other parameters were held constant. To study the efficiency trend 
for the varying parameters with increasing temperatures, the parametric study was conducted. 
The parametric study provides basis for consistent comparison of the model for varying 
thermodynamic properties and allows the selection of the conditions which would provide the 
maximum efficiency.  
Fig. 40. Variation of pressure as a function of relative volume for model operating in a cycle 
using isooctane-air at 6000 K compression temperature, 10000 kPa compression pressure, 
Ф = 1.0 and CR = 18. 
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Effects of compression pressure and compression temperature 
 This part of the section illustrates the results for a range of compression pressures 
(1000 kPa to 20000 kPa) and compression temperatures (500 K to 6000 K) 
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Fig. 41. Percentage efficiency as a function of compression temperature, for a range of 
compression pressures, for isooctane-air, Ф = 1.0 and CR = 18.  
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Fig. 41 shows efficiency as a function of temperature, for varying compression pressure, 
for an equivalence ratio of 1.0 and for a compression ratio of 18. For compression temperatures 
lower than 1900 K, the efficiency of the model for any compression pressure is zero.  
For 1000 kPa compression pressure, until 2600 K the efficiency is zero. When the 
compression temperature is greater than 2600 K, the efficiency increases and continues to 
increase until the compression temperature is approximately 3400 K. Further increase in the 
compression temperature results in decrease in efficiency. The initial increase in efficiency with 
temperature is because as the compression temperature increases, the dissociation of the 
species at the end of compression increases, allowing more extraction of work when these 
species are expanded in equilibrium. However, after that when the temperature is greater than 
3400 K, the dissociation is excessive for the 1000 kPa compression pressure, as a result of 
which partial pressures of each of the species reduces to such an extent that when they are 
expanded, the total pressure of the mixture falls below the atmospheric pressure, leading to the 
work loss in displacement of the surroundings. The maximum efficiency noted is ~3% for 1000 
kPa compression pressure. 
For 1500 kPa, the trend followed by the efficiency is similar to that seen for the earlier 
case. The initial increase in efficiency is the result of increase in dissociation of species while the 
later decrease in the efficiency curve is the result of the pressure of the mixture going below the 
atmospheric pressure causing loss of work. However, the distribution of this curve is spread for a 
larger range of temperatures.  
The non-zero efficiency (in contrast to the earlier case when the compression pressure 
was 1000 kPa) for the compression temperature range of ~2350 K to 2600 K, is the result of the 
higher compression pressure (1500 kPa). Due to the higher pressure at the end of compression, 
there exists enough opportunity to extract work from the expansion process even for lower 
dissociation of species. This is because from the availability point of view, higher pressure 
increases the thermo-mechanical availability component of the availability allowing more 
opportunity to extract work. The decline of the efficiency curve after 4000 K compression 
temperature is also the result of higher compression pressure. When compression temperature 
is increased passed 3400 K, the dissociation of species is controlled by high pressure which 
suppresses dissociation. But however after 4000 K, due to excessive temperatures, the 
dissociation goes out of 1500 kPa reach, which causes loss of work due to expansion below the 
atmospheric pressure. Thus higher compression pressure allows higher efficiency, which is 
~7.2% for 1500 kPa compression pressure. 
Similarly, as the compression pressure is increased to 3000 kPa, 5000 kPa, 7000 kPa, 
10000 kPa, 15000 kPa and 20000 kPa, the efficiency trends followed by the model are always 
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‘dome’ type. Until certain initial range of compression temperatures, the efficiency of the model 
increases and then it decreases for the further increases in temperature. However since the 
analysis was limited to 6000 K, the complete dome behavior at higher pressures was not trapped 
in the above figure. 
Within a certain pressure range, as the pressure increases, the dome becomes bigger in 
width and height. At 6000 K, the efficiencies for 3000 kPa, 5000 kPa, 7000 kPa, 10000 kPa, 
15000 kPa and 20000 kPa were approximately 12.8%, 18.5%, 24.9%, 28.2%, 28.2%, 27.8%, 
respectively. This shows that as the compression pressure increased the efficiency of the model 
increased, but after a certain limit, the efficiency again starts decreasing. This is because, at 
excessively high pressures, the dissociation of species is suppressed causing reduction in 
efficiency. Hence, the idea of using unrealistically high compression pressure to approach 100% 
efficiency is inappropriate. 
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Fig. 42. Percentage efficiency as a function of compression pressure, for a range of 
compression temperatures, for isooctane-air, Ф = 1.0 and CR = 18.  
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As the maximum efficiency increases with pressure, the width of the “dome” type trend 
also increases. But this increase is restricted to about 1900 K for higher pressures on the left 
side of the temperature region. This is again due to suppression of species dissociation at lower 
temperatures. 
Fig. 42 shows the efficiency as a function of compression pressure for several 
compression temperatures. At lower pressures and lower temperatures, the efficiency of the 
model is considerably low. Then as the temperature increases, the efficiency increases due to 
higher number of species available at the beginning of the expansion to generate work.  
After 4000 kPa for lower temperatures and 8000 kPa for higher temperatures, for a 
particular compression temperature, the efficiency remains almost constant with a very gradual 
decrease at higher pressures (greater than 16000 kPa). This agrees with results in fig. 41 
discussed earlier. The dotted line shown in the above figure represents the curve of maximum 
efficiency for each compression temperature. The maximum efficiency for the temperature and 
pressure range is ~28.2% for 6000 K compression temperature.  
Effects of equivalence ratio and compression temperature 
 This part of the section investigates the effect of equivalence ratio on the efficiency for 
the compression temperature range of 500 K to 6000 K and for a constant compression pressure 
(10000 kPa) and a compression ratio (18). 
Fig. 43 shows the variation of efficiency as a function of the compression temperature 
and the equivalence ratio. The equivalence ratio varies from 0.2 to 2.0. When the compression 
temperature increases, the development of work first occurs for the stoichiometric case, then for 
the lean case and later for the rich case (equivalence ratio 1.5 and 2.0). This is because, for rich 
mixture, due to higher number of isooctane molecules, the resistance to dissociation is high 
which leads to lower dissociation of species and so the work generation is delayed for increasing 
temperatures. 
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For very lean mixtures, the efficiency is seen to be the highest. For an equivalence ratio 
of 0.2, the efficiency is ~82% at 6000 K.  As the richness of the mixture increases, the efficiency 
decreases. For the stoichiometric case, the efficiency is about 28% and is about 16% for an 
equivalence ratio of 2.0, at 6000 K. 
The decrease in efficiency with the increasing fuel richness is because for rich mixtures, 
the amount of air is less. Due to the lack of oxidant (air), some of the fuel gets less air than it 
needs, resulting in incomplete utilization of fuel.  
Fig. 44 shows the efficiency for the same data of compression pressure and 
compression ratio, with equivalence ratio on the x-axis. This figure explains the efficiency trend 
for linear increase in equivalence ratio and for different compression temperatures. 
 The efficiency for lower temperatures (lesser than 2500 K) is almost zero for very lean 
and very rich mixture, the highest efficiency being for stoichiometric composition. As the 
temperature increases, the efficiency increases for rich, lean and stoichiometric cases. For any 
particular temperature variation greater than 3500 K, the efficiency is highest for the lean case 
Fig. 43. Percentage efficiency as a function of compression temperature, for a range of 
equivalence ratios, for isooctane-air, 10000 kPa compression pressure and CR = 18.  
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and it gradually decreases as the equivalence ratio increases. This consistent to that observed in 
fig. 43. For the compression temperatures lower than 2000 K, the percentage efficiency is almost 
zero.  
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Effects of compression ratio and compression temperature 
 To analyze the combined effect of compression temperature and compression ratio, the 
following study was completed. Fig. 45 shows the effects of compression ratio on the efficiency 
of the model for a range of temperatures. 
The model was examined for different compression ratios ranging from 4 to 24 to see 
the trends of the efficiency for a 10000 kPa compression pressure and an equivalence ratio 
of 1.0. For compression temperatures above ~2000 K (that were not high enough to produce 
significant work), further increase in temperature leads to efficiencies greater than zero. For all 
Fig. 44. Percentage efficiency as a function of equivalence ratio, for a range of compression 
temperatures, for isooctane-air, 10000 kPa compression pressure and CR = 18.  
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the compression ratio variations, as the compression temperature increases, work generation 
from the system also increases due to the increase in species dissociation.  
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The efficiency for the lowest compression ratio (4) is ~8.7%, while for the highest 
compression ratio (24), it is about 32% (for the selected temperature range of study). The higher 
efficiency for the high compression ratio is due to the fact that, for higher compression ratios, 
there exists more opportunity to extract work due to longer stroke length.  
It should be well understood that these trends are for 10000 kPa compression pressure 
and for the range of compression ratios of 4-24 only. The idea of achieving higher efficiency, by 
merely increasing compression ratio may be inappropriate as discussed earlier in this section. 
Fig. 45. Percentage efficiency as a function of compression temperature, for a range of 
compression ratios, for isooctane-air, 10000 kPa compression pressure and Ф = 1.0. 
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 Fig. 46 shows the efficiency as a function of compression ratio for various compression 
temperatures. The compression pressure and equivalence ratio are again kept the same, i.e. 
10000 kPa and 1.0, respectively. 
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As shown in fig. 45 and in agreement with the earlier discussion, as the compression 
temperature (and the dissociation of the species) increases, the efficiency also increases. Also, 
as the compression ratio increases, for any particular compression temperature, the efficiency 
monotonically increases. However, the efficiency increase is seen to be more rapid at higher 
temperatures as compared to that at lower temperatures. This is due to the presence of more 
species available for expansion at the higher temperatures. At a compression ratio of 24, the 
efficiency for 2500 K compression temperature is ~1.6% and for 6000 K compression 
temperature, it is ~32%. 
Fig. 46. Percentage efficiency as a function of compression ratio, for a range of compression 
temperatures, for isooctane-air, 10000 kPa compression pressure and Ф = 1.0. 
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Effects of fuels at different compression temperatures 
 The earlier analyses used isooctane as the fuel. The analysis was also conducted using 
other fuels. In all, eight fuels were included in the study. This part of the study allows comparison 
among the different fuels. The study is for 10000 kPa compression pressure, 1.0 equivalence 
ratio and 18 compression ratio. The detailed analysis for the other conditions can however be 
conducted similar to that conducted for isooctane. Some important results for different fuels can 
also be found in the appendix V. 
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Fig. 47. Percentage efficiency as a function of compression temperature, for a range of fuels, 
for 10000 kPa compression pressure, Ф = 1.0 and CR = 18. 
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Fig. 47 shows the efficiency variation in case of various fuels as a function of 
compression temperature. As per the repetitive discussion done so far, the dissociation of the 
species at the end of compression (which is the beginning of expansion) plays a critical role in 
the work developed by the model. Lower the dissociation, lower are the number of species 
available for work generation and so lower is the efficiency. As discussed, the dissociation is 
directly dependent upon temperature and pressure. The higher temperature supports 
dissociation while the higher pressure suppresses dissociation. 
 For the conditions considered in the present case, the dissociation is less at low 
temperature and so the efficiency of the model is very low until approximately 2000 K. The 
efficiency for different fuels for temperatures lower than 2000 K may not be clearly visible due to 
the selected scale of the plot. However, the calculations show that, the efficiency is close to zero 
for most of the fuels including isooctane until 2000 K mark while for other fuels like benzene and 
hydrogen, the efficiency is ~0.3%. 
At lower temperatures, the behavior of methane is seen to be different than the rest. The 
efficiency of the model, when methane is used, is zero until about 2700 K. This is because out of 
the eight fuels, methane is the most stable fuel. In order to dissociate it, higher temperatures are 
needed as compared to the other fuels. For methane significant dissociation is only observed for 
temperatures greater than 2700 K for 10000 kPa compression pressure. Hence, non-zero 
efficiency is only seen after 2700 K.  
When the compression temperatures are further increased, the efficiency of the model of 
hypothetical processes increases for all the fuels. The efficiency increase for methane is seen to 
be quite linear as compared to the other fuels while for acetylene, the efficiency increase is most 
gradual. 
For better understanding of the efficiency trends, the above fig. 47 is divided into three 
figures 48, 49 and 50. Each figure represents the efficiency for different fuels at a particular 
temperature. 
 Fig. 48 shows the efficiency of the different fuels at 2500 K compression temperature. 
The efficiency for most of the fuels lies in the range of 1.5-2.0% except for methane. The 
efficiency of the model is close to zero for methane at 2500 K.  
Apart from the efficiency variations, this figure also allows to compare the amount of 
dissociation of each fuel for temperature and pressure considered in this case. Higher the 
efficiency for a particular fuel, lower is its resistance to the dissociation.  
The efficiency is highest for benzene (~2%) which is higher only by a marginal difference 
than the other fuels excluding methane. 
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Efficiency of fuels (fuel: isooctane, compression temperature 2500K, 
compression pressure 10000kPa, eq. ratio 1.0, oxidant: air)
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Efficiency of fuels (fuel: isooctane, compression temperature 4500K, 
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Fig. 49 shows the efficiency of different fuels at 4500 K compression temperature. For 
higher compression temperature of 4500 K, the efficiency of all the fuels increases by a 
significant number. In contrast to the case of 2500 K, for this case the efficiency is highest for 
methane and is about 22.5%. This is due to the rapid increase of dissociation rate for methane at 
Fig. 48. Comparison of efficiency for a range of fuels, for 10000 kPa compression pressure, 
2500 K compression temperature, Ф = 1.0 and CR = 18. 
Fig. 49. Comparison of efficiency for a range of fuels, for 10000 kPa compression pressure, 
4500 K compression temperature, Ф = 1.0 and CR = 18. 
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higher temperatures. The second highest efficiency is that of hydrogen (~21%) and the least 
efficiency is when acetylene is used as fuel (~12.5%).  
Fig. 50 shows the efficiency of different fuels at 6000 K compression temperature. At this 
temperature, efficiency of the model is higher when hydrogen is used as a fuel as compared to 
when methane is used. This is again in contrast to what was seen in the earlier case (4500 K). 
This reversal is due to the difference in behavior between two fuels. Methane tends to be more 
stable than hydrogen. Even at high temperatures (greater than 4000 K), the dissociation of 
methane species is fairly controlled and so the efficiency variation is almost linear. For hydrogen 
fuel, for higher temperatures, the dissociation rates are comparatively higher and so the 
efficiency varies exponentially. Due to faster dissociation, the efficiency is slightly higher in case 
of hydrogen.  
Efficiency of fuels (fuel: isooctane, compression temperature 6000K, 
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In fig. 50, the fuels are arranged in the increasing order of their efficiencies. The 
efficiency of the model is highest for hydrogen (~42%). For methane the efficiency is slightly 
lower (~40%) and for acetylene, again, the efficiency is lowest (~19.6%).  
Fig. 50. Comparison of efficiency for a range of fuels, for 10000 kPa compression pressure, 
6000 K compression temperature, Ф = 1.0 and CR = 18. 
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Effects of fuel-oxidant combinations at different compression temperatures 
The earlier part of this section deals with the effects on the efficiency of the model for 
different fuels. This subsection discusses the effects on the efficiency of the model for two 
different fuels when they are used in combination with different oxidants. 
0 1000 2000 3000 4000 5000 6000
0
5
10
15
20
25
30
35
40
45
50
Com pression Tem perature (T3) (K) 
Ef
fic
ie
n
cy
 
(%
)
Hydrogen - Oxygen
Isooctane - Oxygen
Hydrogen - Air
Isooctane - Air
CR = 18
P3 = 100 bar (10000 kPa)
Eq. ratio 1.0
Fig. 51 shows the efficiency for hydrogen and isooctane fuel when used in combination 
with air and oxygen as the oxidants for a compression pressure of 10000 kPa, a compression 
temperature of 0-6000 K, an equivalence ratio of 1.0 and a compression ratio of 18. The 
efficiency is zero until about 2000 K compression temperature for isooctane, while it is slightly 
higher (~0.35%) for hydrogen, when used with air or oxygen. For temperatures greater than 
2000 K, the efficiency for all four combinations– hydrogen-air, hydrogen-oxygen, isooctane-air 
and isooctane-oxygen, increases with increase in temperature. For both, air and oxygen, the 
Fig. 51. Percentage efficiency as a function of compression temperature, for hydrogen and 
isooctane used with air and oxygen, for 10000 kPa compression pressure, Ф = 1.0 and
CR = 18. 
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efficiency, when hydrogen is used as the fuel, is greater than when isooctane is used. Moreover, 
the trends followed by hydrogen-air and hydrogen-oxygen are similar, and also that followed by 
isooctane-air and isooctane-oxygen are nearly the same in nature. For both the fuels, the 
efficiency is higher when air is used as oxidant. The percentage efficiency is highest for 
hydrogen-air combination (~42%) and is least for isooctane-oxygen combination which is about 
17% at 6000 K. The percentage efficiency for isooctane-air and hydrogen-oxygen are quite close 
in the range of 25-30%. 
Similar few other cases of study, as illustrated in this section of Results and Discussion, 
can be found in the appendix V. In current section, the behavior of the model of the hypothetical 
processes is analyzed when it is operated at different thermodynamic conditions.  The base case 
study includes some specific cases that give a brief overview of the work and the efficiency 
trends for a particular operating condition, while the parametric study includes the illustration of 
the efficiency trends for varying range of properties which helps selection of the most favorable 
condition for efficient working of the model. 
For a compression pressure of 10000 kPa, the thermodynamic conditions that would 
provide highest efficiency will be when a compression temperature of 6000 K, an equivalence 
ratio of 0.2 and a compression ratio of 24 is used.  
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VII. SUMMARY AND CONCLUSION 
Conventional combustion processes are highly irreversible. The potential to obtain 
useful work (availability or exergy) from the fuel always degrades during the combustion 
process. In the case of reciprocating internal combustion engines, about one-fourth of the 
availability from the fuel is destroyed due to combustion. To understand these losses, several 
studies based on the second law have been conducted in the past [1, 4, 8, 10-17]. The concept 
of a reversible combustion process was first proposed by Keenan [10]. The purpose of the 
current work was to develop a quantitative model of this concept, and to use the model in a 
series of computations to examine the effects of temperature, pressure, and other parameters on 
the work production capability of the concept.  
In the current work, a theoretical model was designed in accordance to the concept 
stated by Keenan. In this model, the individual species of the reactant mixture were compressed 
individually and isentropically in different cylinders, to increase their temperature and pressure 
and bring them to a state at which work extraction was possible from them. The type, the amount 
and the thermodynamic properties of the individual species, introduced in the different 
compression cylinders at the beginning of the compression process, were “preselected” such 
that when the species were collected at the end of the compression, they did not react and 
stayed stable in complete equilibrium. The species, in equilibrium, were then expanded slowly 
and isentropically in an expansion cylinder. Due to this, the temperature of the mixture reduced, 
and so the species tried to constantly adjust to attain equilibrium. As a result, more product 
species were formed which allowed net work production, due to release of chemical energy, 
during the expansion process. For this concept, therefore, “combustion” was avoided and the 
conversion of reactants to products was reversible.  
The main results of the current work are - 
• The temperature and pressure at the end of compression (compression temperature and 
compression pressure) played a significant role in the value of the thermal efficiency. 
This was because the compression temperature and compression pressure controlled 
the amount of dissociation which was the key to the possible net work production. The 
higher compression temperatures supported dissociation while the higher compression 
pressures suppressed dissociation. The more the dissociation of the species, the more 
were the number of products formed during every step of the equilibrium expansion 
process and so higher work generation was possible.  
• For sufficiently high compression temperatures and pressures, the concept resulted in 
net work produced without destroying any fuel availability. A base case set of conditions 
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were identified for a set of computations. These base conditions included isooctane and 
air, an equivalence ratio of 1.0, and a compression ratio of 18. For the base case set of 
conditions, for example, for a pressure and temperature at the end of compression of 
10 MPa and 2500 K, respectively, a small amount of net work was produced. By using 
higher temperatures and pressures, even more work could be produced. For example, 
for a pressure and temperature of 10 MPa and 6000 K, the thermal efficiency was 
~28.2%. Although these high temperatures and pressures are well beyond practical 
values for today’s materials and designs, the concept was demonstrated. In general, for 
appropriate pressures, the efficiency increased with increasing compression 
temperatures. 
• For a particular compression pressure and temperature, the equivalence ratio had a 
significant effect on the thermal efficiency. In general, the efficiency increased as the 
equivalence ratio decreased from stoichiometric. This was because for rich mixtures, 
due to lack of oxidant, some of the fuel did not get enough oxidant and hence the fuel 
was not utilized fully resulting lower efficiencies. For the similar initial conditions (a 
compression pressure of 10 MPa and a compression ratio of 18), with equivalence ratio 
of 0.2, the thermal efficiency was highest ~82%, at 6000 K.  
• The thermal efficiencies also depended on the selection of compression ratio. For high 
compression temperatures and pressures, the work obtained during expansion was 
observed to be always greater than the work consumed due to compression. Hence, for 
a particular higher pressure, the higher compression ratio resulted in higher thermal 
efficiency. At a compression pressure of 10 MPa, a compression ratio of 24, the thermal 
efficiency was ~32% at a compression temperature of 6000 K. However, for a low 
compression pressures, high compression ratio may result in lower may result in a lower 
efficiency.  
• Among the eight (8) different fuels, for similar initial conditions, the efficiency was 
highest for hydrogen and methane. For these two fuels, the thermal efficiency was about 
40%, for a 6000 K compression temperature, a 10 MPa compression pressure, an 
equivalence ratio of 1.0 and a compression ratio of 18. Other fuels such as isooctane, 
propane, methanol, ethanol, acetylene and benzene, resulted in lower thermal 
efficiencies for the same conditions. It was noted that, for higher compression 
temperatures (greater than 4000 K), the efficiency of the model decreased with the 
increasing complexity of the structure of the fuel molecule which indicate the use of 
hydrogen for higher efficiency. However, most of the time, in actual practice, the 
selection of the fuel is governed by other issues. 
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• Finally, the concept was also examined for pure oxygen as the oxidant instead of air. For 
both, hydrogen and isooctane fuel, the efficiency was higher when air was used as the 
oxidant as against when oxygen was used. At a compression temperature of 6000 K, a 
compression pressure of 10 MPa, a compression ratio of 18, for stoichiometric 
conditions, the efficiency was seen to be highest for hydrogen-air combination, which 
was about 42%. 
The key feature of this concept (and the reason that the combustion irreversibility is 
avoided) is the “preselection” of the reactants. Since the preselected reactants represent the 
equilibrium composition at the end of compression, no “combustion” occurs. This composition, at 
high temperatures, will be largely dissociated molecules. During the expansion process, the 
molecules recombine and chemical energy is released, and therefore, the work during expansion 
exceeds the work of compression. Although not part of the current study, the processes needed 
to produce the preselected reactants would be an additional concern. The current work has 
quantified the overall concept, and has determined the effects of temperatures, pressures, 
equivalence ratio, and compression ratio on the work production and thermal efficiency. 
In summary, a concept based on special processes was explored which eliminated the 
destruction of availability due to combustion. Although the processes must be completed at high 
temperatures and pressures, the general result is that conditions can be identified to eliminate 
the combustion irreversibility. For lower pressures and temperatures, the concept may not result 
in any net useful work. For moderate pressures and temperatures, a modest amount of net work 
is produced and the availability of the working fluid is high at the end of the expansion stroke. 
For the highest pressures and temperatures, the concept does indicate high work outputs with 
high thermal efficiencies. Unfortunately, these highest pressures and temperatures are much too 
high for current materials and designs. 
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APPENDIX I 
 Standard Wet Atmosphere 
  
 T0 = 298.15 K  
 P0 = 1.01325 bar 
    
     
Substance in Gas Phase Mole Fraction
N2
0.7565 
O2 0.2029 
H2O 0.0313 
CO2 0.0003 
Ar 0.0090 
Table I.1. Environment used to calculate the Chemical availability analysis [4, 8]
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APPENDIX II 
 Lower heating values of fuels 
  
 T0 = 298.15 K  
 P0 = 1.01325 bar 
     
Fuels in gaseous form
Chemical 
Formula 
Molecular 
weight 
LHV 
(kJ/kg)
Hydrogen H2 2.016 119940 
Acetylene C2H2 26.04 48210 
Methane CH4 16.04 50010 
Propane C3H8 44.09 46350 
Iso-octane C8H18 114.14 44800 
Methyl alcohol CH3OH 32.04 21100 
Ethyl alcohol C2H5OH 46.07 27720 
Benzene C6H6 78.11 40570 
Table II.1. Values for molecular weight and lower heating values for various fuels [6]
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APPENDIX III 
NASA Lewis Polynomial Coefficients 
   Table III.1. Coefficients for use with the NASA Lewis polynomials [8, 18] 
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Table III.1. Continued [8, 18]
91
APPENDIX IV 
Change in Gibbs Energy for oxidation of fuels 
FUEL G∆  (kJ/kg)* 
Oxygen atom, O 14480 
Nitrogen atom, N 32520 
Hydrogen atom, H 315055 
Hydrogen, H2 115372 
Hydroxyl radical, OH 8765 
Carbon monoxide, CO 9187 
Methane, CH4 49914 
Acetylene, C2H2 47108 
Propane, C3H8 47036 
Benzene, C6H6 40707 
Iso-octane (g), C8H18 45748 
Methanol, CH3OH 21511 
Ethanol, C2H5OH 28409 
Carbon (g), C 88808 
Carbon (solid), C(gr) 32836 
Table IV.1. Change in Gibbs energy ( G∆ ) for various fuels  
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FUEL G∆  (kJ/kg)* 
C2 65125 
C3 54344 
CH 82773 
Nitrogen oxide 2896 
* Values based on data from [3, 6, 7, 8].  
Table IV.1. Continued 
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APPENDIX V 
Results for some other similar cases considered in the analysis 
 This section shows the results for some other similar cases that were not considered in 
the Results and Discussion section, but were considered in the analysis of the model. The first 
sub-section illustrates the results for the model of hypothetical processes when isooctane is 
used as the fuel and air is used as the oxidant. The second sub-section deals with the results 
when hydrogen is used as the fuel. The last sub-section includes the results for six other fuels 
for the base case conditions only. 
 The results illustrated in this section follow the trends similar to that observed for some 
peculiar cases considered in section VI and hence to avoid repetition, the description of the 
results is skipped.   
For Isooctane (remaining results only) 
Effects of compression temperature for compression pressures - 5000 kPa, 15000 kPa 
and 20000 kPa 
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Fig. 52. Availabilities as a function of compression temperature for isooctane-air at 5000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 53. Work as a function of compression temperature for isooctane-air at 5000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 54. Percentage efficiency as a function of compression temperature for isooctane-air at 
5000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 56. Work as a function of compression temperature for isooctane-air at 15000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 55. Availabilities as a function of compression temperature for isooctane-air at 15000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 57. Percentage efficiency as a function of compression temperature for isooctane-air at 
15000 kPa compression pressure, Ф = 1.0 and CR = 18.  
Fig. 58. Availabilities as a function of compression temperature for isooctane-air at 20000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 60. Percentage efficiency as a function of compression temperature for isooctane-air at 
20000 kPa compression pressure, Ф = 1.0 and CR = 18.  
Fig. 59. Work as a function of compression temperature for isooctane-air at 20000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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Effects of compression temperature for equivalence ratios – 0.6 and 1.5 
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Fig. 61. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 0.6 and CR = 18.  
Fig. 62. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 0.6 and CR = 18.  
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Fig. 64. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.5 and CR = 18.  
Fig. 63. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 0.6 and CR = 18.  
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Fig. 65. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.5 and CR = 18.  
Fig. 66. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 1.5 and CR = 18.  
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Effects of compression temperature for compression ratios – 4, 8, 12 and 24 
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Fig. 67. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 4.  
Fig. 68. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 4.  
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Fig. 69. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 8.  
Fig. 70. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 8.  
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Fig. 72. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 12.  
Fig. 71. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 8.  
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Fig. 73. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 12.  
Fig. 74. Percentage efficiency as a function of compression temperature for isooctane-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 12.  
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Fig. 75. Availabilities as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 24.  
Fig. 76. Work as a function of compression temperature for isooctane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 24.  
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For Hydrogen (complete set of results) 
Effects of compression temperature for compression pressures – 1000 kPa, 5000 kPa, 
10000 kPa, 15000 kPa and 20000 kPa 
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Fig. 77. Variation of pressure as a function of relative volume for hydrogen-air at 500 K 
compression temperature, 1000 kPa compression pressure, Ф = 1.0 and CR = 18. 
Fig. 78. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for hydrogen-air at 500 K compression temperature, 
1000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 79. Variation of pressure as a function of relative volume for hydrogen-air at 3500 K 
compression temperature, 1000 kPa compression pressure, Ф = 1.0 and CR = 18. 
Fig. 80. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for hydrogen-air at 3500 K compression 
temperature, 1000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 81. Variation of pressure as a function of relative volume for hydrogen-air at 3500 K and 
6000 K compression temperatures, 1000 kPa compression pressure, Ф = 1.0 and CR = 18. 
Fig. 82. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for hydrogen-air at 6000 K compression 
temperature, 1000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 83. Availabilities as a function of compression temperature for hydrogen-air at 1000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 84. Work as a function of compression temperature for hydrogen-air at 1000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 86. Availabilities as a function of compression temperature for hydrogen-air at 5000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 85. Percentage efficiency as a function of compression temperature for hydrogen-air at 
1000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 87. Work as a function of compression temperature for hydrogen-air at 5000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 88. Percentage efficiency as a function of compression temperature for hydrogen-air at 
5000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 89. Variation of pressure as a function of relative volume for hydrogen-air at 2500 K 
compression temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18. 
Fig. 90. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for hydrogen-air at 2500 K compression 
temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 91. Variation of pressure as a function of relative volume for hydrogen-air at 6000 K 
compression temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18. 
Fig. 92. Partial pressures of the species and the total pressure of the mixture, during isentropic 
expansion, as a function of relative volume for hydrogen-air at 6000 K compression 
temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 93. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 94. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 96. Availabilities as a function of compression temperature for hydrogen-air at 150000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 95. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 97. Work as a function of compression temperature for hydrogen-air at 15000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 98. Percentage efficiency as a function of compression temperature for hydrogen-air at 
15000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 99. Availabilities as a function of compression temperature for hydrogen-air at 20000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 100. Work as a function of compression temperature for hydrogen-air at 20000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 102. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 0.2 and CR = 18.  
Fig. 101. Percentage efficiency as a function of compression temperature for hydrogen-air at 
20000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 103. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 0.2 and CR = 18.  
Fig. 104. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 0.2 and CR = 18.  
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Fig. 105. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 0.6 and CR = 18.  
Fig. 106. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 0.6 and CR = 18.  
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Fig. 108. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.5 and CR = 18.  
Fig. 107. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 0.6 and CR = 18.  
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Fig. 109. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.5 and CR = 18.  
Fig. 110. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 1.5 and CR = 18.  
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Fig. 111. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 2.0 and CR = 18.  
Fig. 112. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 2.0 and CR = 18.  
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Fig. 114. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 4.  
Fig. 113. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 2.0 and CR = 18.  
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Fig. 115. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 4.  
Fig. 116. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 4.  
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Fig. 117. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 8.  
Fig. 118. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 8.  
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Fig. 120. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 12.  
Fig. 119. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 8.  
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Fig. 121. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 12.  
Fig. 122. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 12.  
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Fig. 123. Availabilities as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 24.  
Fig. 124. Work as a function of compression temperature for hydrogen-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 24.  
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Effects of compression temperature when oxygen is used as oxidant 
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Fig. 126. Availabilities as a function of compression temperature for hydrogen-oxygen at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
Fig. 125. Percentage efficiency as a function of compression temperature for hydrogen-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 24.  
131
0 1000 2000 3000 4000 5000 6000
0
3000
6000
9000
12000
15000
18000
21000
24000
27000
30000
33000
36000
Com pression Tem perature (T3) (K) 
W
o
rk
(kJ
/k
g)
Work-mixture (kJ/kg of  mix)
Work-fuel (kJ/kg of fuel)
Hydrogen - Oxygen
CR = 18
P3 = 100 bar (10000 kPa)
Eq. ratio 1.0
0 1000 2000 3000 4000 5000 6000
0
3
6
9
12
15
18
21
24
27
30
33
Com pression Tem perature (T3) (K) 
Ef
fic
ie
n
c
y 
(%
)
Hydrogen - Oxygen
CR = 18
P3 = 100 bar (10000 kPa)
Eq. ratio 1.0
Fig. 127. Work as a function of compression temperature for hydrogen-oxygen at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 128. Percentage efficiency as a function of compression temperature for hydrogen-oxygen 
at 10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
132
Effects of compression pressure and compression temperature 
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Fig. 129. Percentage efficiency as a function of compression temperature, for a range of 
compression pressures, for hydrogen-air, Ф = 1.0 and CR = 18.  
Fig. 130. Percentage efficiency as a function of compression pressure, for a range of 
compression temperatures, for hydrogen-air, Ф = 1.0 and CR = 18.  
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Effects of equivalence ratio and compression temperature 
0 1000 2000 3000 4000 5000 6000
0
10
20
30
40
50
60
70
80
90
Com pression Tem perature (T3) (K) 
Ef
fic
ie
n
cy
 
(%
)
Eq ratio 0.6
Eq ratio 1.0
Eq ratio 1.5
Eq ratio 2.0
Eq ratio 0.2
Hydrogen - Air
CR = 18
P3 = 100 bar (10000 kPa)
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
10
20
30
40
50
60
70
80
90
100
Equivalence Ratio 
Ef
fic
ie
n
c
y
(%
)
Hydrogen - Air
CR = 18
P3 = 100 bar (10000 kPa)
500 K
1500 K
2500 K
3500 K
4500 K
5500 K
6000 K
Fig. 131. Percentage efficiency as a function of compression temperature, for a range of 
equivalence ratios, for hydrogen-air, 10000 kPa compression pressure and CR = 18.  
Fig. 132. Percentage efficiency as a function of equivalence ratio, for a range of compression 
temperatures, for hydrogen-air, 10000 kPa compression pressure and CR = 18.  
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Effects of compression ratio and compression temperature 
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Fig. 133. Percentage efficiency as a function of compression temperature, for a range of 
compression ratios, for hydrogen-air, 10000 kPa compression pressure and Ф = 1.0. 
Fig. 134. Percentage efficiency as a function of compression ratio, for a range of compression 
temperatures, for hydrogen-air, 10000 kPa compression pressure and Ф = 1.0. 
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For Acetylene 
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Fig. 135. Availabilities as a function of compression temperature for acetylene-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 136. Work as a function of compression temperature for acetylene-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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For Methane 
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Fig. 138. Availabilities as a function of compression temperature for methane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 137. Percentage efficiency as a function of compression temperature for acetylene-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 139. Work as a function of compression temperature for methane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 140. Percentage efficiency as a function of compression temperature for methane-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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For Propane 
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Fig. 141. Availabilities as a function of compression temperature for propane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 142. Work as a function of compression temperature for propane-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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For Methanol 
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Fig. 144. Availabilities as a function of compression temperature for methanol-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 143. Percentage efficiency as a function of compression temperature for propane-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
140
0 1000 2000 3000 4000 5000 6000
0
1000
2000
3000
4000
5000
6000
7000
8000
Com pression Tem perature (T3) (K) 
W
o
rk
(kJ
/k
g)
Methanol - Air
CR = 18
P3 = 100 bar (10000 kPa)
Eq. ratio 1.0
Work-mixture (kJ/kg of  mix)
Work-fuel (kJ/kg of fuel)
0 1000 2000 3000 4000 5000 6000
0
5
10
15
20
25
30
35
40
Com pression Tem perature (T3) (K) 
Ef
fic
ie
n
c
y 
(%
)
Methanol - Air
CR = 18
P3 = 100 bar (10000 kPa)
Eq. ratio 1.0
Fig. 145. Work as a function of compression temperature for methanol-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 146. Percentage efficiency as a function of compression temperature for methanol-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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For Ethanol 
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Fig. 147. Availabilities as a function of compression temperature for ethanol-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 148. Work as a function of compression temperature for ethanol-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
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For Benzene 
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Fig. 150. Availabilities as a function of compression temperature for benzene-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 149. Percentage efficiency as a function of compression temperature for ethanol-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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Fig. 151. Work as a function of compression temperature for ethanol-air at 10000 kPa 
compression pressure, Ф = 1.0 and CR = 18.  
Fig. 152. Percentage efficiency as a function of compression temperature for benzene-air at 
10000 kPa compression pressure, Ф = 1.0 and CR = 18.  
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APPENDIX VI 
Detailed description of one case (Compression temperature = 6000 K) 
This section provides detailed results of one case. This case is the one that was 
discussed earlier in the Results and Discussion section, under the subheading Base case study 
– part II, i.e., for Isooctane-air, a compression temperature of 6000 K, a compression pressure of 
10000 KPa, an equivalence ratio of 1.0 and a compression ratio of 18. As shown earlier, fig. 153 
shows the variation of the pressure as a function of relative volume for these conditions.  
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Process 1-3 is the isentropic compression of frozen species and process 3-4 is the 
isentropic expansion of the species in equilibrium. Conventionally, an isentropic process is 
represented by means of an equation in the form of,
Fig. 153. Pressure as a function of relative volume for isooctane-air at 6000 K compression 
temperature, 10000 kPa compression pressure, Ф = 1.0 and CR = 18. 
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PV k = constant              (A-1) 
where, k is the average ratio of specific heats. For the conditions stated in fig. 153, the equation 
for the processes 1-3 and 3-4 are, 
PV 1.3675 = 10000  (for process 1-3)          (A-2) 
PV 1.1895 = 10000  (for process 3-4)          (A-3) 
where P is in kPa and V is in m3. 
It should be noted that process 1-3 in fig. 153 shows the combined P-V relation during 
compression of various species. Since the species are compressed in different cylinders, this 
figure may not be the appropriate way of representing the compression process physically. 
However, this way of presentation allows the reader to better understand the overall picture of 
pressure-volume variations. The figure also allows the reader to approximate the net work 
produced at a glance (as the net work produced is proportional to the area between the 
compression and expansion curves). 
The pressures of the species in the different cylinders as a function of relative volume 
are shown in fig. 154.   
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In fig. 154, the individual species that are introduced in different compression cylinders. 
At the end of compression, the frozen species are collected in the collection chamber where 
state 3 is achieved. This is followed by expansion of the species (in equilibrium) from state 3 to 
4. 
Fig. 155 shows the temperature of the species in the different compression cylinders 
and in the expansion cylinder as a function of relative volume.
Fig. 154. Pressures during compression and expansion as a function of relative volume for 
isooctane-air at 6000 K compression temperature, 10000 kPa compression pressure, Ф = 1.0 
and CR = 18. 
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 Due to compression of the frozen species, temperature of each specie increases. At the 
end of compression, the temperature of all the species is 6000 K which is the preselected 
compression temperature for this case. As a result, the temperatures of the different species 
entering the collection chamber is also the same (6000 K), which further allows the species to 
stay in the equilibrium condition at state 3 without any thermal energy exchange between the 
species. The species at state 3 are then expanded to state 4 which is shown by a dashed curve 
(3-4) in fig. 155.   
Fig. 155. Temperatures during compression and expansion as a function of relative volume for 
isooctane-air at 6000 K compression temperature, 10000 kPa compression pressure, Ф = 1.0 
and CR = 18. 
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O H
 Fig. 156 shows the variation of entropy of the species in the different compression 
cylinders as a function of the relative volume. The entropy of each of the species remains 
constant during the individual compression of the species. At the end of compression, when the 
species are collected in the collection chamber, the total entropy of the species is the same as 
that at state 3. Again, during the expansion of species in equilibrium, the entropy of the 
“reactant” mixture remains the same. 
Fig. 156. Entropy during compression and expansion as a function of relative volume for 
isooctane-air at 6000 K compression temperature, 10000 kPa compression pressure, Ф = 1.0 
and CR = 18. 
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 Fig. 157 shows the temperature as a function of entropy for the frozen species during 
compression and for species in equilibrium during expansion. Consistent with the earlier 
discussion, the entropy of each of the species remain constant during compression. At the end 
of compression, the total entropy is same as that at state 3 of the equilibrium composition and 
the temperature of all the species is 6000 K. The reactant mixture is then expanded in 
equilibrium, at constant entropy, till the compression ratio of 18 is reached.  
Fig. 157. Temperatures during compression and expansion as a function of entropy for 
isooctane-air at 6000 K compression temperature, 10000 kPa compression pressure, Ф = 1.0 
and CR = 18. 
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The Question of Closing the Cycle 
The species enter the system at state 1 and leave the system at point 4. In order to 
close the cycle, the species at state 4 are to be brought to state 1. The species at state 4 are in 
equilibrium while at state 1, they are in the dissociated form. To bring the species from the 
equilibrium state (4) to the dissociated state (1), the species needs to be dissociated to the exact 
composition that is at state 1 and also the species are to be brought to the correct temperatures 
and pressures of the individual species of state 1. This can be achieved by first isentropically 
compressing the species to high temperatures and pressure as that of state 3, to achieve the 
required dissociation, and then cooling the species through isentropic expansion to reach the 
conditions as that of state 1. But following these processes is essentially conducting the earlier 
processes 1-3 and 3-4 in a reverse pattern. Although these processes will bring the system to 
the initial state 1, the net work will be zero (and the thermal efficiency will be zero). 
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